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Sammanfattning 
Abstract 

Encystation of unicellular organisms is of considerable medical relevance since cysts are encapsulated by 

resilient cell walls, rendering them resistant to biocides and immune clearance. This survival strategy 

makes it complicated to produce effective treatment of diseases caused by many protozoan pathogens, 

e.g. species of Acanthamoeba which causes fatal granulomatous amebic encephalitis (GAE) and keratitis. 

Due to genetic limitations in most protists, the machinery of encystation is so far little understood. 

However, the signalling pathways can be investigated in the non-pathogenic social amoebas, Dictyostelia. 

In this master’s project, five genes in Polysphondylium pallidum were investigated, which might be 

involved in encystation. Research has demonstrated a relationship between encystation and the cyclic 

adenosine monophosphate (cAMP) signalling pathways in Dictyostelia spore formation. This indicates that 

cysts are ancestral to spores, and hence are the sporulation genes: pkaC, yakA, regA, cudA and srfA 

selected for this study. The genes were individually knocked-out by a standard homologous recombination 

approach and the genes’ contribution to encystation was determined. Five knock-out constructs were 

completed and a preliminary analysis of the role of the intracellular cAMP phosphodiesterase RegA in 

Polysphondylium pallidum encystation process was performed.    
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ABSTRACT  
 
Encystation of unicellular organisms is of considerable medical relevance since cysts are 

encapsulated by resilient cell walls, rendering them resistant to biocides and immune clearance. 

This survival strategy makes it complicated to produce effective treatment of diseases caused by 

many protozoan pathogens, e.g. species of Acanthamoeba which causes fatal granulomatous 

amebic encephalitis (GAE) and keratitis. Due to genetic limitations in most protists, the 

machinery of encystation is so far little understood. However, the signalling pathways can be 

investigated in the non-pathogenic social amoebas, Dictyostelia. In this master’s project, five 

genes in Polysphondylium pallidum were investigated, which might be involved in encystation. 

Research has demonstrated a relationship between encystation and the cyclic adenosine 

monophosphate (cAMP) signalling pathways in Dictyostelia spore formation. This indicates that 

cysts are ancestral to spores, and hence are the sporulation genes: pkaC, yakA, regA, cudA and 

srfA selected for this study. The genes were individually knocked-out by a standard homologous 

recombination approach and the genes’ contribution to encystation was determined. Five knock-

out constructs were completed and a preliminary analysis of the role of the intracellular cAMP 

phosphodiesterase RegA in Polysphondylium pallidum encystation process was performed.    

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

SAMMANFATTNING  
 
Cystbildning är av betydande medicinsk relevans då cyster har en motståndskraftig cellvägg som 

gör dem tåliga mot biocider och immunförsvarets angripanden. Denna försvarsmekanism 

försvårar framställningen av effektiva läkemedel mot infektioner orsakade av många protozoiska 

patogener, t.ex. arter av Acanthamoeba som ger upphov till kronisk encefalit och 

hornhinneinflammation. Till följd av de genetiska begränsningarna i de flesta protister är 

vetenskapen kring cystbildning bristfällig. Signalsystemen kan dock undersökas i den 

evolutionärt lägre gruppen av ofarliga sociala amöbor, Dictyostelia. I detta examensarbete var 

fem gener i Polysphondylium pallidum granskade för att vidareutveckla läran om cystbildning. 

Tidigare forskning har påvisat en koppling mellan cystbildning och det cykliskt-

adenosinmonofosfatsignalsystemet som frambringar sporer. Detta indikerar att cyster är 

nedärvda från sporer och därför är de sporbildande generna: pkaC, yakA, regA, cudA och srfA 

utvalda för denna studie. Generna slogs ut individuellt via en välbeprövad genetisk metod 

innehållande homologisk rekombination för att kunna fastställa genernas medverkan i 

cystbildning. Under examensarbetet färdigställdes fem utslagningsvektorer och funktionen av 

det intracellulära cAMP fosfordiesteraset, RegA i Polysphondylium pallidum cystbildningsprocess 

förutspåddes.                    

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

ABBREVIATIONS 
 

ACA   adenylate cyclase A 

ACB/ACR  adenylate cyclase B/ adenylate cyclase R 

ACG   adenylate cyclase G 

Amp  ampicillin  

bp  base pair 

BSA  bovine serum albumin 

cAMP  cyclic adenosine monophosphate 

cAR  cAMP receptor  

CMF  conditioned medium factor 

DNA  deoxyribonucleic acid 

dNTP  deoxyribonucleotide triphosphate  

GAE  granulomatous amebic encephalitis 

IPTG  isopropyl β-D-1-thiogalactopyranoside 

LB  lysogeny broth, luria broth or luria-bertani    

kb  kilo base pair 

MADS  MCM1-agamousdeficient serum response transcription factor 

Mb  mega base pair 

mRNA  messenger ribonucleic acid 

OD  optical density 

PCR  polymerase chain reaction 

PSF   prestarvation factor 

pUC ori    origin of a pUC-derived plasmid 

SDF-1  spore differentiation factor 1 

SDF-2  spore differentiation factor 2 

X-gal  bromo-chloro-indolyl-galactopyranoside 
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1. INTRODUCTION 
 
1.1 ACANTHAMOEBA 
 
Acanthamoeba is a free-living amoeba, found in soil and water, and the causative agent of two 

human diseases; granulomatous amebic encephalitis (GAE) and keratitis. The Acanthamoeba life 

cycle includes two stages, a feeding and replicating trophozoite and a dormant cyst. Since it is an 

aerobic organism, it cannot exist as the trophozoite stage in environments with low oxygen 

content. To survive, the organism uses encystation. Cysts are double walled and can tolerate 

extreme temperatures, disinfections and desiccation. (WHO) 

 

Acanthamoeba contains of several subspecies and some of these are pathogenic to humans, e.g. 

A. castellanii, A. culbertsoni and A. polyphaga. A. castellanii and A. polyphaga causes keratitis 

while A. culbertsoni most frequently causes GAE. Keratitis effects previously healthy persons and 

is an infection of the cornea which can lead to permanent blindness. The symptoms are intense 

pain and ring-shaped infiltrates in the corneal stroma. Infection arises from trauma to the eye 

followed by contamination of environmental water or soil. Most of the patients, approximately 

90%, are contact lens wearers which are at high risk when ignoring recommended cleaning and 

disinfection procedures. GAE is a rare chronic and fatal disease infecting persons with a 

suppressed immune system, e.g. persons with AIDS, or with a drug or alcoholic abuse. Because 

of the low number of patients is the route of infection unclear, but it is known to be spread by 

the bloodstream to the brain. Fever, headache, meningitis and visual abnormalities are common 

symptoms. (WHO)  

 

The diseases caused by Acanthamoebas are difficult to treat because of their capability to form 

cysts. Unfortunately is the process behind encystation far little understood, which obstruct the 

possibility to produce effective treatment.    
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1.2 AIM OF THIS PROJECT 
 
The aim of this project was to examine the encystation pathway by identifying essential genes in 

the Dictyostelid species Polysphondylium pallidum. Genes proven to be important in the 

sporulation pathway of the model organism Dictyostelium discoideum were selected since 

research demonstrated a link between the two signalling systems. The aim was to disrupt those 

candidate genes by targeted homologous recombination and examine their effects on 

encystation in hope to contribute to the findings of treatment for diseases caused by many 

protozoan pathogens.                   
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1.3 KNOCK-OUT STRATEGY 
 
The gene knock-out was performed via transformation of a pLox-NeoI vector (1.3.1) and its 

homologous recombination (Box 1) with Polysphondylium pallidum genomic DNA. A central 

domain in the gene was exchanged with the neomycin cassette in the vector, resulting in a 

disruption of the target gene (Figure 1). Two fragments located in the beginning and end of the 

gene, referred as the 5’-fragment and 3’-fragment, were integrated into the pLox-NeoI vector to 

generate a homologous recombination construct. Orientation of the inserts is required to be in 

the same orientation, otherwise the process cannot proceed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

     

 

 

 

 

 

 

 

 

 

 

 

 

Box 1. Homologous recombination  
Homologous recombination is a 
process of genetic exchange 
between two DNA molecules 
possessing identical nucleotide 
sequences. The reaction frequently 
occurs during meiosis where it 
includes a pair of homologous DNA 
molecules that originates from two 
different chromosomes. The 
exchange appears through a “cross 
over”, a break of both double 
helices where the broken ends re-
join with the ends from the opposite 
DNA molecule. This results in two 
new helices that include nucleotide 
sequences from both of the two 
initial DNA molecules. The crossover 
can take place anywhere in the 
homologous nucleotide sequence 
and the region where it has 
occurred, where the two original 
DNA molecules are base-pairing, is 
called a heteroduplex joint. (Alberts 
et al. 2002) 

 
 Figure 1. Knock-out via homologous recombination. Two 

inserted gene fragments (grey) promote homologous 
recombination with genomic DNA (grey). The central gene 
domain is replaced with a neomycin cassette from the 
vector (red).   
 

pLox-NeoI 
 

pLox-NeoI 
 

Genomic DNA 
 

Genomic DNA 
 

5’-fragment 
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1.3.1 THE PLOX-NEOI VECTOR 

Figure 2. The pLox-NeoI vector. A schematic representation of the 5120 bp knock-out vector used in this 
project. Included nucleotide sequences are indicated by coloured arrows, restriction sites by small boxes and 
loxP sites by red arrows.     
 

The pLox-NeoI vector (Figure 2) was constructed by Dr. Yoshinori Kawabe and is appropriate for 

gene knock-out in Polysphondylium pallidum. A neomycin cassette consisting of Actin6 

promoter, Neomycin phosphotransferase gene and Actin8 terminator are included in the vector, 

as is the selectable marker Ampicillin and origin of amplification, pUC ori. Two loxP sites are 

flanking the neomycin cassette to enable further gene modifications via the Cre-LoxP system 

(Box 2). The pLox-NeoI vector also possesses a number of restriction sites for insertion of 

fragments. The sites selected for this project were BamHI and KpnI for the 5’-fragment and 

HindIII for the 3’-fragment. The 5’-fragments were inserted by a double restriction digest, i.e. 

unidirectional cloning, whereas the 3’-fragment were inserted by a single cut, i.e. undirected 

cloning. Inserts are cloned one by one and the order was decided out of consideration for 

internal restriction sites. If the 5’-fragment harboured nucleotide sites for HindIII it is required to 

be inserted after the 3’-fragment since an unwanted cleavage will occur during 3’-fragment 

insertion otherwise. The same aspect concerned the 3’-fragment if it possessed restriction sites 

for BamHI and/or KpnI. The final construct was confirmed via sequencing performed with four 

oligonucleotides (Table 1) that bind at positions close to the fragments within the knock-out 

vector.   
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Table 1. Binding sites in pLox-NeoI vector for sequencing oligonucleotides. M13 Forward and M13 Reverse are 
universal DNA sequencing primers while G418-C31 and G418-C52 are specific for the vector since they lie in the 
selectable marker for Polysphondylium pallidum. 

Oligonucleotides Nucleotide sequence 

M 13 Reverse 5’ CAGGAAACAGCTATGAC 3’ 

G418-C31 5’ AGAACCTGCGTGCAATCC 3’  

G418-C52 5’  ATCCCCTCGCGAGTTGGTTC 3’  

M 13 Forward 5’  GTAAAACGACGGCCAG 3’   

Box 2. The Cre-LoxP system 
This universal method was developed by Dr. Brian Sauer in the late 1980s (Sauer, Henderson 
1988). Nowadays we are capable of creating several genomic modifications with this method, 
from insertion of specific point mutations to a complete gene knock-out. The technique 
includes Cre recombinase, a 38 kDa protein of the P1 bacteriophage which catalyses a 
recombination between two sites, called loxP sites. These sites consist of two 13 bp 
palindromic sequences flanking a core spacer of 8 bp. The recombination process starts when 
four single Cre recombinase bind individually to a palindromic half of a loxP site. Thereafter 
they come together, forming a tetramer which brings the two loxP sites into close proximity 
and recombination can occur in the core spacer. The new loxP sites are created from the two 
complementary halves of the pre-recombination sites so that the final outcome is two 
chimeric loxP sites, as shown in the figures below. (Nagy 2000). 
 

 
 

 
 
The orientation of the two loxP sites gives the type of modification that is made to the DNA 
molecule. If the sites are in the same direction, the result is a deletion of the sequence in 
between them. If the sites are in inverted orientation the outcome will be a DNA inversion. 
(Sauer 2001) The process can either take place in one single DNA molecule, called 
recombination in cis, or in two different DNA molecules, such as a genome and a plasmid, 
and then it is called recombination in trans. (Babinet 2001) 
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2. BACKGROUND 
 
2.1 AN INTRODUCTION TO THE DICTYOSTELIDS  
 
Dictyostelids, or social amoebas, are eukaryotic microorganisms belonging to the kingdom of 

Amoebozoa. Their natural habitat is humus layer of forest soil in temperate climates, where they 

feed on bacteria via phagocytosis and use chemotaxis to trace their food source. (Boeckeler, 

Williams 2001) Dictyostelia comprise approximately 120 species subdivided into four groups 

based on a polygenetic analysis of their small subunit ribosomal RNA sequences (Figure 3) 

(Schaap 2011). This phylogeny was confirmed via amino-acid sequences of their α-tubulin 

protein, and revealed the order in which the species have evolved (Schaap 2007). Group 4 is the 

most diverged and harbours the model social amoeba, Dictyostelium discoideum. Its genome, of 

34 Mb, was sequenced in 2005 (Eichinger et al. 2005) and since then is Dictyostelium discoideum 

listed by the National Institute of Health as one of eight non-vertebrate model systems for 

biomedical research. The organism is commonly used to investigate cell motility, signal 

transduction, cell type differentiation and development. (Boeckeler, Williams 2001) In addition 

to Dictyostelium discoideum, the genomes of Dictyostelium fasciculatum (group 1) and 

Polysphondylium pallidum (group 2) are completely sequenced. Dictyostelia are very suitable for 

laboratory work since they can be cultured on bacterial lawns on agar, and several species can 

be cultured in liquid media containing glucose, peptone, amino acids and vitamins.(Schaap 2011) 

Furthermore, both Dictyostelium discoideum and Polysphondylium pallidum can be transformed 

with plasmid vectors containing an antibiotic-resistance cassette, i.e. gene knock-outs can be 

produced. (Schaap 2011) 
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. 

 
Figure 3. Phylogeny of Dictyostelia. The species of Dictyostelia are divided into four groups; Group 1: The 
Parvisporids. Group 2: The Heterostelids. Group 3: The Rhizostelids. Group 4: The Dictyostelids. Dictyostelium 
discoideum is located in group 4 and Polysphondylium pallidum in group 2, both are marked by grey arrows. 
(Schaap 2011, Ritchie et al. 2008)    
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2.2 THREE SURVIVAL STRATEGIES 
 
What makes Dictyostelia fascinating is their response to nutrient stress. For most of the species, 

three alternative life cycles to survive starvation are available (Figure 4). They can encyst, i.e. 

encapsulate individually to form a microcyst (Figure 4A), two amoebas can fuse to form a zygote, 

which then attracts other cells to form a sexual macrocyst (Figure 4B), or they can aggregate to 

form a fruiting body that consists of spores and stalk cells (Figure 4C). The fruiting body 

formation has been intensively studied in the model social amoeba Dictyostelium discoideum. It 

involves a remarkable transition from a unicellular life form to a multicellular life form, which 

can answer several questions concerning differentiation and the evolution of multicellularity and 

cooperativity. (Schaap 2011)                 

 

 

 
 

A 
 
 
 
 

B 
 
 
 

 
 

C 
 
 
 
 
 
Figure 4. Three survival strategies in Dictyostelia. The social amoeba can form a microcyst (A), a sexual 
macrocyst (B) or an asexual fruiting body with spores (C). (Schaap 2009, Alberts et al. 2002)  
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2.2.1 AGGREGATION AND FRUITING BODY FORMATION 
All Dictyostelid species have the ability to aggregate and form fruiting bodies that can contain up 

to a million amoebas, but the final structure varies in shape and size between the groups. The 

most diverged group 4, including Dictyostelium discoideum, differs from the rest by having a 

robust unbranched fruiting body (Figure 5C) while the other species show smaller fruiting bodies 

that are clustered and/or branched (Figure 5A & 5B). (Schaap 2007) As mentioned before, the 

fruiting body formation for Dictyostelium discoideum (Figure 6) has been closely investigated and 

this is also because of the discovery of unique cyclic adenosine monophosphate (cAMP) 

signalling pathways in the organism. cAMP is frequently used as an intracellular second 

messenger in many cell types and is mostly known as intermediate for hormone action in 

humans. However, in Dictyostelium discoideum and most other group 4 species it also functions 

as an extracellular signal. (Ritchie et al. 2008) In group 1-3 species, none uses cAMP for 

aggregation, some use folic acid, pterin or glorin as Polysphondylium pallidum (Schaap 2011, 

Funamoto et al. 2003). 

 

 

 A                   B      C 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Different phenotypes 
of Dictyostelia fruiting bodies. 
A: Polysphondylium pallidum 
(group 2). B: Dictyostelium 
rosarium (group 4). C: 
Dictyostelium discoideum 
(group 4). Bar lengths are 100 
µm. (Schaap 2007) 
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Figure 6. Life cycle of Dictyostelium discoideum. The 24 hour life cycle initiates with starvation (A) and 

aggregation (B) which leads to formation of a mound (C). The mound turns into a migrating slug (D & E) that 

culminate (F) and develops into a fruiting body with spores (G). Germination of spores takes place when the 

source of nutrients is improved (H), which gives life to new amoebas (I). (Schaap 2011) 

 

 

Feeding Dictyostelium discoideum amoebas (Figure 6I) sense their cell density relative to 

quantity of bacterial food by secreting a glycoprotein called prestarvation factor (PSF). When the 

ratio between PSF and bacteria indicates a risk of starvation, the cells react by initiating 

expression of genes required for aggregation. For this, the activity of cAMP-dependent protein 

kinase (PKA) (Box 3) is required. (Schaap 2011) High amounts of PSF compared to nutrients are 

thought to upregulate the translation of a protein kinase called YakA (Box 4), which promotes 

PKA accumulation (Saran et al. 2002). Another glycoprotein, conditioned medium factor (CMF) is 

secreted during starvation and together with PSF it induces expression of genes involved in 

cAMP synthesis and detection. These genes include the cAMP producer adenylate cyclase A 

(ACA), the G-protein coupled cAMP receptors (cARs), the extracellular cAMP phosphodiesterase 

(PdsA), the intracellular cAMP phosphodiesterase (RegA) (Box 5) and PKA. (Schaap 2011) 
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When this network of proteins is established, the cell starts to emit extracellular cAMP pulses in 

a nanomolar concentration (Schaap 2009). Neighboring cells responds to the signal by moving 

towards the source and by relaying the signal, i.e. emitting their own cAMP pulses (Figure 6A). 

This chemotaxis leads to aggregation of unicellular amoebas into a multicellular mound (Figure 

6B). The inner cells continue to send cAMP pulses and make the surrounding cells move even 

closer to the center of the aggregate which pushes the central cells upwards and results in a 

tipped mound (Figure 6C). (Schaap 2011) The cells on top of the mound start to secrete cellulose 

and extracellular matrix proteins, which form a sheath around the structure. The first step of 

differentiation occurs in this developmental stage where the cells differentiate into two cell 

types; prespore and prestalk cells. The cell fate depends on the nutritional status in the cell and 

the mitotic stage. Newly divided cells are smaller and more prone to become stalk cells, while 

cells that divided earlier possess a higher amount of resources and are therefore preferentially 

differentiating into spores. The prespore cells lose their ACA activity and start to produce 

another adenylyl cyclase, the osmolyte-activated adenylate cyclase (ACG) which produces cAMP 

to a micromolar concentration. (Schaap 2009) ACG acts extracellularly on cARs and intracellularly 

on PKA, which triggers expression of prespore genes (Figure 7). Later, the prespore cells reduce 

their expression of cAR1 and PdsA, which makes them less sensitive to cAMP and causes the 

prestalk cells, which retain cAR1 and PdsA, to move towards the oscillating tip. The mound then 

forms a slug (Figure 6D) and when a certain height is reached it topples over and become a 

migrating slug (Figure 6E). (Schaap 2011) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. The signaling pathway 
behind expression of prespore genes. 
ACG produces both intracellular and 
extracellular cAMP. This activates PKA 
and cAR1, leading to expression of 
prespore genes. (Schaap) 

Box 3. PKA 
This enzyme is conserved among eukaryotes 
and is essential for Dictyostelium discoideum 
development. It consists of one catalytic (PKA-
C) and one regulatory (PCA-R) subunit. The 
enzyme is activated by cAMP binding to PKA-R, 
leading to a dissociation of the two domains 
and thereby an activation of PKA-C. Research 
regarding PKA in Polysphondylium pallidum 
indicates that the regulatory pathways 
controlling development are similar to the 
corresponding pathways in Dictyostelium 
discoideum. Same study also reports that PKA 
activity in Polysphondylium pallidum is required 
for early development and that it plays an 
essential role in morphogenesis, late 
development and terminal cell differentiation. 
(Funamoto et al. 2003)      
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Box 4. YakA 
YakA is a protein kinase responsible 
for cell cycle control and regulation of 
the intervals between cell divisions. 
yakA transcription is triggered by high 
levels of PSF and it promotes PKA 
accumulation by decreasing mRNA 
levels of PufA, an inhibitor of the 
catalytical subunit in PKA. YakA also 
promotes cell cycle arrest and 
initiates multicellular development. 
Overexpression of yakA in 
Dictyostelium discoideum leads to a 
faster development while a cell 
lacking the protein is unable to 
develop. Research has indicated that 
other stress factors, such as oxidative 
and heat also promote YakA activity. 
(Taminato et al. 2002)           

Figure 8. RegA regulation. Ammonia binds and activates the sensor 
histidine kinase, DhkC, which leads to an auto-phosphorylation of the DhkC 
histidine residue (H). The phosphoryl group is then transferred via an 
aspartate (D) in the same protein to a His65 in RdeA. The phosphoryl group 
then activates RegA via Asp212 in its response regulator domain. Inactivation 
is initiated by SDF-2 binding extracellular to the sensor domain of DhkA, 
which causes histidine-mediated dephosphorylation of an attached 
aspartate residue and reverse phosphotransfer via RdeA. This in turn leaves 
RegA without a phosphoryl group, i.e. inactivates it. (Schaap 2011, 
Thomason et al. 1999)   
  
        

Box 5. RegA 
RegA consist of an N-terminal receiver 
domain linked to a C-terminal cAMP-
phosphodiesterase domain, which 
hydrolyses phosphodiester bonds as found 
in cAMP (Thomason et al. 1999, Saran et al. 
2002). The enzyme regulates intracellular 
levels of cAMP and, thus the PKA activity. 
This explains why a Dictyostelium 
discoideum regA null mutant begin 
development earlier, aggregate faster and 
have a premature production of spores. 
RegA is regulated by RdeA, a phospho-
transfer protein which in turn is regulated 
by ammonia and spore differentiation 
factor 2 (SDF-2) (Figure 8) (Schaap 2011). 
Transcripts of regA appears after four hours 
of starvation and are then present in 
constant levels (Saran et al. 2002). 
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The cells in the top of the slug are called tip-organizer because they control the slug formation 

and behavior. These cells express tip-organizer-specific genes, which are under regulation of the 

transcription factor CudA (Box 6). (Weijer, Williams 2001) The slug migrates to find a suitable 

place for fruiting body formation by following light and warmth, processes called phototaxis and 

thermotaxis. The top layer of the soil is often selected since that gives an optimal spore disposal. 

(Schaap 2009) Ammonia, produced during protein degradation, is decreased by gaseous 

diffusion during the fruiting body development, leading to an inactivation of RegA (Figure 8). This 

activates PKA and initiates spore encapsulation and stalk cell terminal differentiation (Figure 6F). 

(Schaap 2011) The spore maturation involves accumulation of certain components and changes 

in the cytoskeleton via formation of actin rods, which is necessary to make a fully resistant spore 

that can survive under extreme environmental conditions. This process has been investigated 

and research shows that the MADS (MCM1-agamousdeficient serum response transcription 

factor)-Box transcription factor, SrfA (Box 7) plays an important role in the formation of actin 

rods and spore coat stability. (Escalante et al. 2004, Escalante et al. 2001) When spores mature, 

high levels of ammonium phosphate are released which raises the osmolarity. This regulates PKA 

via ACG and keeps the spores dormant while still in the fruiting body (Figure 9). Two other 

signals are required for spores to mature. At first, cleaved spore differentiation factor 1 (SDF-1) 

acts on ACG to activate PKA. Furthermore, discadenine acts on histidine kinase DhkB and a third 

adenylate cyclase, ACR to upregulate PKA. When the cells have matured into either spores or 

stalk cells, they lose their cell motility. Prestalk cells are except from in the stalk, placed in the 

basal disc, the upper cup and the lower cup, which prevents the spore mass from sliding down 

(Figure 6G) (Schaap 2011) The stalk cells die in the fruiting body while the spores dissipate 

(Figure 6H) and propagate the species when food supply is improved (Figure 6I) (Schaap 2009). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. High osmolarity 
inhibits spore germination. 
cAMP produced by ACG 
activates PKA-C which in turn 
inhibits germination and keeps 
the spores dormant. (Schaap)  
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Box 7. SrfA     
SrfA is a MADS-Box transcription factor which controls maturation of actin 
rods, actin phosphorylation and stabilization of outer spore coat during 
late spore maturation. (Weijer, Williams 2001, Escalante et al. 2004). In 
view of the fact that SrfA is a transcription factor it most likely regulates a 
number of genes that, individually or in company of each other, contribute 
to these processes. The gene expression is mediated by PKA, which in turn 
is regulated by a cascade of proteins involved in the Dictyostelium 
discoideum cAMP signalling system. (Escalante et al. 2004) 

Box 6. CudA 
This gene encodes a specific transcription factor which binds to tip-
organizer genes that are essential for normal culmination. High levels of 
ACA mRNA in the tip-organizer result in an elevated cAMP concentration, 
which in turn leads to an accumulation of the transcription factor STATa 
that promotes expression of cudA. (Weijer, Williams 2001) When cudA is 
disrupted in Dictyostelium discoideum, the sensing system that the slug 
normally uses to monitor environmental conditions is impaired and the 
slug is not able to culminate (Fukuzawa, Hopper & Williams 1997). CudA is 
also present in prespore cell nuclei where it is involved in expression of 
the spore coat protein, cotC by binding to its promoter. The ability to 
function as a transcriptional factor in both prespores and the tip-organizer 
cells is remarkable, but is probably explained by interactions between 
CudA and different ancillary transcription factors. (Wang, Williams 2010a) 
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2.2.2 ENCYSTATION 
When conditions are unfavourable for aggregation, most Dictyostelia in group 1-3 can encyst as 

single cells, like their ancestors, the solitary Amoebozoans (Ritchie et al. 2008). Group 4 species 

lost their ability to form cysts, probably due to a more robust fruiting body formation which 

makes encystation no longer necessary (Schaap 2009). Microcysts are spherical with a 

condensed cytoplasm and a thin two-layered cellulose coat (Figure 10A), while spores have an 

oval structure, a dehydrated cytoplasm and a thick three-layered cell wall (Figure 10B). (Ritchie 

et al. 2008). The encystation process is favoured in dark and wet conditions or in high levels of 

ammonia or osmolarity (Schaap 2011). The signaling pathway leading to encystation is at present 

very little understood. However, research regarding ACG and PKA has proven a relationship 

between the pathway of sporulation in Dictyostelium discoideum and encystation (Kawabe et al. 

2009). As mentioned before, high osmolarity in prespore cells activates ACG, which in turn 

activates PKA resulting in expression of prespore genes and thereafter dormant spores and an 

inhibition of germination (Figure 7 & 9) (Schaap 2011). In Polysphondylium pallidum is 

encystation triggered by cAMP accumulation, and both ACG and PKA have been proven to 

possess the same function as in the Dictyostelium discoideum sporulation pathway (Figure 11). 

Studies also indicate that cysts are ancestral to spores and that activation of cARs in 

Polysphondylium pallidum switch encystation into sporulation. Dictyostelium discoideum 

possesses four cARs, while Polysphondylium pallidum possesses two, TasA and TasB, and when 

these two are knocked-out, Polysphondylium pallidum aggregates are formed as normal, but the 

morphogenesis is collapsed and instead of developing spores are cysts produced. (Kawabe et al. 

2009)         

 

 

                      A  

 

 

  

 

 

                      B 

 

 

 

 

  

 

   

 

 

 

Figure 11. The role of ACG and PKA 
in encystation. High osmolarity 
stimulates ACG to produce cAMP 
which in turn activates PKA leading 
to encystation and an inhibition of 
cyst germination. (Kawabe et al. 
2009,  Schaap) 

 

Figure 10.The ultrastructure 
of Polysphondylium 
pallidum cysts (A) and 
spores (B). (Kawabe et al. 
2009) 
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2.2.3 FORMATION OF A SEXUAL MACROCYST 
This third survival option often occur under dark wet conditions and requires the presence of 

cells with opposite mating types, even if homothallic mating is also common (Schaap 2009). At 

first, the starving cells mature to become fusion-competent cells. Thereafter, in presence of 

external Ca2+, a sexual fusion of two cells generates a zygote followed by the formation of a huge 

multinucleated cell. The zygote secretes cAMP to attract neighboring cells and to form an 

aggregate (Figure 12A), which may seem similar to the fruiting body formation, but in macrocyst 

formation there is no streaming of cells. This is due to the much higher concentration of 

extracellular cAMP, as a result from elevated activity of ACA, lower activity of phosphodiesterase 

and higher activity of its inhibitors. The aggregated cells are cannibalised by the zygote which 

thereafter synthesises a three-layered cell wall and enters a long period of dormancy (Figure 

12B). Environmental factors, such as high temperature, light and bacterial secretions bring the 

dormancy to an end. (Urushihara, Muramoto 2006)  
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Figure 12. Macrocyst formation. The zygot secretes cAMP pulses to aggregate with 
surrounding cells (A) and form a dormant macrocyst (B). Bar lengths are 100 µm. 
(Urushihara, Muramoto 2006).  
.  
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3. MATERIAL AND METHODS 
 
3.1 CLONING STRATEGY 
 

The two gene-specific fragments were individually PCR amplified with primers harboring 

restriction sites complementary to the pLox-NeoI vector. To confirm the fragment sequence, 

each PCR product was sub-cloned into a pCR4-TOPO® vector (Box 8) from Invitrogen (USA) and 

transformed into chemically competent Escherichia coli cells. Clones were selected according to 

the blue/white screening technique (Box 8) and after plasmid preparation, a restriction digest 

indicated successful insertion before the final confirmation was made by sequencing. The pCR4-

TOPO® vector holding the primary insert was digested simultaneously as the empty pLox-NeoI. 

The extracted fragment was ligated into the knock-out vector, which thereafter was transformed 

into Escherichia coli. A number of plasmids were prepared and the insertion was controlled by 

digestion and sequencing. The second fragment underwent the same procedure and a complete 

knock-out construct was produced. In view of the fact that the 3’-fragment was inserted by a 

single digest, the vector could easily re-ligate after digestion. To prevent this event from 

happening the vector was dephosphorylated with antarctic phosphatise, which catalyses the 

removal of 5’phosphate groups from genetic material and prevents the ligase from re-ligating 

the vector. The unidirectional cloning also promotes two possible directions for the insert. To 

guarantee a functional homologous recombination, the directions must be the same and 

therefore the orientation was controlled by an additional digest. This was performed with a 

restriction site located in one end of the fragment and a conclusion of the direction could be 

drawn by analysing the genomic sizes of the cleaved vector after gel electrophoresis separation. 

Construction of vectors was started by a former student in the lab and therefore was the gene 

constructs at different cloning stages when this project began.      
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Box 8. TOPO TA CLONING 
The TOPO TA Cloning® Kit and pCR4-TOPO® vector from Invitrogen is very useful when 
inserting Taq polymerase-amplified PCR products into a plasmid for sequencing. It got the 
benefit of neither requiring ligase, PCR primers nor post-PCR procedures. The concept of this 
cloning technique is to take advantage of a single deoxyadenosine (A) -overhang on the PCR 
product and match it with an open vector, where the opening has an overhang of single 
deodythymidine (T)-residue. When PCR is performed with Taq polymerase the amplified 
fragments always obtain an extra adenosine (A) residue in the 3’ end, according to the 
nontemplate-dependent terminal transferase activity in Taq polymerase. The pCR4-TOPO® 
vector is an activated vector, meaning that it is covalently bound to the enzyme 
Topoisomerase I from Vaccinia virus. This enzyme has the ability of a special ligation process 
that is useful for fragment insertion into the DNA that the enzyme itself is attached to. The 
covalent bond between Toposiomerase I and the vector is produced when the enzyme binds 
to the vector at specific sites and cleaves the phosphodiester backbone after 5’-CCCTT. The 
produced energy from this cleavage is accumulated to form a covalent bond between the 3’ 
phosphate of the cut strand and a tyrosyl residue (Tyr-274) in Topoisomerase I. When the 
covalent bond is under attack by a free 5’ hydroxyl, it will break, resulting in a new 
phosphodiester bond and a release of Topoisomerase I. This last reaction is precisely what 
happens when the PCR fragment is inserted into the vector as shown in the figure below.  
 

 
 
 

A blue/white screening selection is preferable after transformation to estimate if the vector 
and the fragment have been properly ligated. The pCR4-TOPO® vector includes a lac 
promoter region and a lacZ gene. The vector’s opening for insertion is placed into the 
sequence of the lacZ gene, which gives a corruption of the lacZ gene if a fragment is 
inserted. A disrupted gene results in white clones while an unaffected gene results in blue 
clones. This when grown on agar containing the inducer, Isopropyl β-D-1-thiogalacto-
pyranoside (IPTG) and the substrate, bromo-chloro-indolyl-galactopyranoside (X-gal). The 
reporter system refers to the Lactose operon in Escherichia coli and is very commonly used 
in the field of cell biology and molecular biology. (Invitrogen 2006) 
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3.1.1 PCR 
The PCR program initiates with a denaturation of DNA at 94°C for 3 min and continues within a 

cycle including denaturation at 94°C for 30 s, annealing at 55°C for 45 s and elongation at 70°C 

for 2.5 min. The cycle was repeated 30 times before the process ends with an extra elongation 

step at 70°C for 5 min and a final temperature of 4°C. Following components were used in the 

PCR reactions: 

 1 µl genomic DNA from Polysphondylium pallidum PN500/clone 2, 50 µg/µl 

 1 µl BIOTAQ™ DNA polymerase from Bioline (United Kingdom), 5 u/µl 

 2 µl dNTPs, 10 mM (2.5 mM·4) from Web Scientific (United Kingdom) 

 5 µl 10x NH4 based- reaction buffer from Bioline (United Kingdom) 

 2 µl MgCl2, 50 mM from Bioline (United Kingdom) 

 1 µl forward primer, 100 pmol/µl (Appendix B) 

 1 µl reverse primer, 100 pmol/µl (Appendix B) 

 35 µl nuclease-free water from Promega (USA) 

An agarose gel electrophoresis verified successful amplification. 

 

3.1.2 AGAROSE GEL ELECTROPHORESIS 
1 g/100 ml agarose from Peqlab (Germany) was dissolved in 1xTAE buffer (Appendix C) by adding 

heat. An addition of 4 µl/100 ml GelRed™ nucleic acid gel strain, 10,000x from Biotium (USA) was 

made for UV-visualization. DNA samples were applied with 6x loading dye from Peqlab 

(Germany) and run in 1xTAE buffer at a voltage of 120 for about 45 min. A 100 – 10,000 bp 

Peqgold ladder mix produced by Peqlab (Germany) was also applied to enable size evaluations. 

Bands were visualised by a UV-transilluminator, excitation wavelength 312 nm. 

 
 

3.1.3 TOPO TA CLONING 
PCR product was sub-cloned into pCR4-TOPO® vector from Invitrogen (USA) by adding 4 µl 

product to 1 µl purchased salt solution from Invitrogen (USA) and 1 µl chilled pCR4-TOPO® 

vector. Final mixture was incubated at 22-25°C for 30 min.  
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3.1.4 PREPARATION OF CHEMICALLY COMPETENT CELLS 
TOP 10 chemically competent Escherichia coli cells produced by Invitrogen (USA) were placed 

into 5 ml LB-amp media (Appendix C) and shaken (o/n, 250 rpm, 37°C). The culture was 

thereafter transferred into fresh 500 ml LB-amp media and shaken (250 rpm, 37°C) until the 

culture reached optical density (OD) 0.22, measured at 595 nm. The culture was divided in 

aliquots of 25 ml into pre-chilled tubes and incubated 15 min on ice. Thereafter centrifuged (10 

min, 3000 rpm, 4°C) before the supernatant was removed. The cell pellet was resuspended in 7.5 

ml chilled TfbI (Appendix C) and incubated on ice for 15 min. Another centrifugation (10 min, 

3000 rpm, 4°C) took place and the supernatant was decanted. 1 ml of chilled TfbII (Appendix C) 

was added to the pellet followed by final 15 min incubation on ice. Very quickly and on dry ice, 

200 µl was aliquoted into pre-chilled 1.5 ml tubes and immediately stored at -80°C. All steps 

were processed under sterile conditions and both cells and chemicals were held on ice during 

the procedure. Produced cells were checked by transformation (3.1.5) with a control vector from 

Invitrogen (USA). The resulting pellet of transformed competent cells was spread in variable 

dilutions onto LB-amp plates (Appendix C). Plates were then incubated at 37°C overnight and the 

number of colonies revealed the cell efficiency. Additionally, a plate with untransformed cells 

was made to control the purity. 

 

 

3.1.5 VECTOR TRANSFORMATION 
An aliquot of 200 µl TOP 10 chemically competent Escherichia coli cells were thawed on ice 

before gently mixed with cloning product. The mixture was thereafter incubated 30 min on ice, 

followed by a 40 s heat-shock at 42°C. The cells were kept chilled until an addition of 900 µl 

sterile pre-warmed SOC medium (Appendix C) was made, followed by incubation on a shaker (60 

min, 250 rpm, 37°C). Afterwards the cells were centrifuged (5 min, 4000 rpm, 23-25°C) and 

separated from the supernatant. The last remaining drop of supernatant was used for dissolving, 

resulting in approximately 100 µl of transformed cells. These were, under sterile conditions, 

spread onto a pre-warmed LB-amp plate. For transformation of pCR4-TOPO®, the plate 

containing 1.6 mg X-gal and 40 µl IPTG, 100 mM, was used according to the blue/white selection 

technique (Box 8). After incubation at 37°C overnight, colonies were isolated and shaken (o/n, 

250 rpm, 37°C) in 3 ml LB-amp media.  
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3.1.6 PLASMID PREPARATION 
One half of the cultivated Escherichia coli cells were centrifuged (3 min, 5000 rpm, 23-25°C) 

while the remaining half was saved for potential glycerol stock storage. The supernatant was 

discarded and the pellet of cells was completely resuspended in 100 µl Alkaline Lysis solution I 

(Appendix C). After an addition of 200 µl Alkaline Lysis solution II (Appendix C), the tubes were 

inverted four to six times and 150 µl of Alkaline Lysis solution III (Appendix C) was added within 5 

min. All samples were centrifuged (10 min, 13,200 rpm, 22-25°C) and each supernatant was 

transferred into a new tube containing 300 µl isopropanol. The new tubes were inverted four to 

six times before centrifuged (25 min, 13,200 rpm, 4°C) and a removal of supernatant. 

Approximately 100 µl of 70% ethanol was added to each tube to wash the precipitated DNA. The 

washing process involved a quick vortexing followed by centrifugation (8 min, 13,200 rpm, 4°C) 

and removal of ethanol by decanting and air drying. 50 µl of nuclease-free water from Promega 

(USA) was added to dissolve the pellet. DNA concentration was measured by a BioPhotometer 

from Eppendorf (Germany) and the samples were stored at -20°C.    

 
 

3.1.7 CONTROL OF PCR4-TOPO® VECTOR INSERTION 
Restriction endonucleases and complementary 10x reaction buffer (Table 2) were added to 2 µg 

pCR4-TOPO® vector diluted in nuclease-free water from Promega (USA). The final volume of 20 µl 

was incubated at 37°C for approximately 4 hours and thereafter the cleaved plasmids were 

separated and analysed by gel electrophoresis (3.1.2). Sequencing was performed by DNA 

Sequencing Service at University of Dundee where 2 µg pCR4-TOPO® vector diluted in 30 µl 

nuclease-free water from Promega (USA) was sent. M13 Forward (Table 1) and M13 Reverse 

(Table 1) worked as primers since they both have convenient binding sites in pCR4-TOPO®. The 

sequencing result was aligned with Polysphondylium pallidum genome template by using CLC 

Main workbench from CLC Bio.  

 
 
 
Table 2. Restriction enzymes and buffers for sub-cloning control. Bovine serum albumin (BSA) from New 
England Biolabs (England) contributed the KpnI digestions in a dilution of 1/100. 

     

 
 

 
 
 
 
 
 

Fragment Enzymes Buffer Manufacturer 

pCR4-TOPO® PKA-C5’ KpnI and BamHI Buffer L Roche (Switzerland) 

pCR4-TOPO® YakA5’ KpnI and BamHI Buffer L Roche (Switzerland) 

pCR4-TOPO® YakA3’ HindIII  Buffer 2 New England Biolabs (England)  

pCR4-TOPO® SrfA3’ HindIII  Buffer E Promega (USA) 



22 

 

3.1.8 RESTRICTION DIGEST FOR PRIMARY FRAGMENT  
Two samples of approximately 3.5 µg of the pLox-NeoI vector and 20 µg of the pCR4-TOPO® 

YakA5’ vector was required for digestion. Restriction endonucleases, BamHI and KpnI from 

Roche (Switzerland) were added to 10x reaction buffer L from Roche (Switzerland) and nuclease-

free water from Promega (USA) to a total volume of 30 µl. Digestion was performed at 37°C for 3 

hours after an addition of bovine serum albumin (BSA) from New England Biolabs (England) in a 

dilution of 1/100.  

 
 

3.1.9 GEL ELECTROPHORESIS AND GEL EXTRACTION 
An agarose electrophoresis (3.1.2) separates the DNA fragments, which afterwards were isolated 

from the gel by a scalpel under the exposure from a transilluminator, at excitation wavelength 

365 nm. Digested DNA was extracted from the gel by QIAquick Gel Extraction Kit, spin protocol 

from QIAgen (Germany) and the procedure was performed according to attached protocol with 

the following exception; wash with QG buffer (step 9 in protocol) was replaced by an additional 

wash of buffer PE (step 10 in protocol). 30 µl elution buffer was applied twice to the QIAquick 

spin column to receive a higher yield of genomic DNA. The concentration was measured by a 

BioPhotometer from Eppendorf (Germany) and the samples were stored at -20°C. 

 
 

3.1.10 LIGATION   
200 ng of pLox-NeoI vector was used for ligation and the equivalent amount of fragment was 

calculated by the following equation: 

 
(200 ng pLox-NeoI) · (size of fragment) · 3 = X ng fragment 

                  (size of pLox-NeoI) 
 

Knock-out vector and fragment were added to the following components: 1 µl T4 DNA Ligase, 

400,000 units/ml, from New England Biolabs (England), 2 µl 10x ligation reaction buffer from 

New England Biolabs (England) and nuclease-free water from Promega (USA) to a total volume 

of 20 µl. The mixture was incubated at 16°C overnight and the product was transformed into 

TOP 10 chemically competent Escherichia coli cells (3.1.5) followed by a plasmid preparation 

(3.1.6).   

 
 

3.1.11 CONTROL OF PLOX-NEOI INSERTION 
BamHI and KpnI from Roche (Switzerland) were added to 10x reaction buffer L from Roche 

(Switzerland), 1/100 volume BSA from New England Biolabs (England) and 2 µg pLox-NeoI-

YakA5’ diluted in nuclease-free water from Promega (USA). Digestion was performed at 37°C for 

3 hours and afterwards analysed on an agarose gel (3.1.2). A vector sample of 2 µg was dissolved 

in 30 µl nuclease free water from Promega (USA) and sent to DNA sequencing service, University 

of Dundee with the following primers; G418-C52 and M13 Forward (Table 1) (Figure 2).  
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3.1.12 INSERTION OF SECOND FRAGMENT 
Two samples of approximately 10 µg pCR4-TOPO®vector and 5 µg pLox-NeoI were digested 

during 4-6 hours at a temperature of 37°C. The digestion mixture included selected restriction 

enzymes (Table 3), complimentary 10x restriction buffer (Table 3) and in the case of 5’-fragment 

digestion, BSA from New England Biolabs (England) in a dilution of 1/100. The pLox-NeoI-YakA 

and pLox-NeoI-SrfA were dephosphorylated with antarctic phosphatase from New England 

Biolabs (England). The procedure was performed as explained in the attached protocol, with the 

exception of a longer inactivation, 15 min instead of 5 min. Afterwards the cleaved DNA was 

separated via gel electrophoresis and extracted (3.1.9). 200 ng of cleaved pLox-NeoI vector was 

ligated with the second fragment (3.1.10) 

 

 
Table 3. Restriction enzymes and buffers used for insertion of second fragment.    

 
 
3.1.13 CONTROL OF SECOND PLOX-NEOI INSERTION 
2 µg of the pLox-NeoI construct was digested with identical restriction enzymes as used before. 

The orientation of 3’-fragment in pLox-NeoI-YakA was controlled twice, first by BglII and then by 

BglII and EcoRV (Figure 13), while pLox-NeoI-SrfA was checked by EcoRV (Figure 14). Digestion 

was performed with enzymes and 10x restriction buffer, purchased from Roche (Switzerland), 

during 4-6 hours at 37°C. A gel electrophoresis (3.1.2) revealed plasmids in correct direction. 4 

µg vector was thereafter dissolved in 60 µl nuclease-free water from Promega (USA) and sent to 

DNA sequencing service, University of Dundee. The primers chosen to sequence the final 

construct was M13 Forward, M13 Reverse, G418-C52 and G418-C31 (Table 1) (Figure 2).  

 

 

 
 
 

Fragment Enzymes Buffer Manufacturer 

PKA-C5’ KpnI and BamHI Buffer L Roche (Switzerland) 

YakA3’ HindIII Buffer E Promega (USA) 
 RegA5’ KpnI and BamHI Buffer L Roche (Switzerland) 

SrfA3’ HindIII  Buffer E Promega (USA) 
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3.1.14 STORAGE OF TRANSFORMED BACTERIA 
100 µl from the overnight culture of transformed Escherichia coli cells was inoculated in 150 ml 

of LB-amp medium and incubated on a shaker (o/n, 250 rpm, 37°C). Thereafter was 800 µl of the 

new culture mixed with 200 µl 80% glycerol and stored at -80°C for upcoming experiments.    

 
 
 
 
 

Figure 13. Directions of pLox-NeoI-YakA3’. Insertion in correct direction (left) gives the following 
genomic sizes: 3913 bp and 3851 bp when digested with BglII, and 1360 bp, 2553 bp and 3851 bp 
when cleaved with BglII and EcoRV. Wrong direction (right) results in 3100 bp and 4664 bp when 
cleaved with BglII, and 551 bp, 2551 bp and 4662 bp when digested with BglII and EcoRV.  

Figure 14. Directions of pLox-NeoI-SrfA3’. Insertion in correct direction (left) result in 251 bp and 
7898 bp bands when digested with EcoRV. Wrong direction gives genomic material of 1504 bp and 
6645 bp.  
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3.2 KNOCK-OUT  
 
The pLox-NeoI vector was transformed into Polysphondylium pallidum according to a specific 

dictyostelia protocol. To increase the likelihood of homologous recombination oligonucleotides 

matching the ends of the fragments were added to generate double stranded DNA. Genomic 

DNA from transformed cells was extracted and used in PCR screening for knock-outs. Primers 

designed in the PCR reaction hybridize to nucleotide sequences in the gene domain to be 

removed and a positive knock-out would therefore show an absence of PCR product when 

visualized on an agarose gel electrophoresis. Positive clones underwent phenol-chloroform 

extraction to gain high-quality DNA for further research. The same PCR program was performed 

once more to exclude errors together with two new controls flanking the two fragments. In 

these controls, one primer binds outside the fragment in the genome and the other hybridizes to 

the loxP site between the fragment and the neomycin cassette in pLox-NeoI. Amplified PCR 

product of expected size demonstrated a successful knock-out. A Southern blot with a P32 probe 

hybridizing to the neomycin cassette gives the final confirmation. Phenotype and encystation 

experiments were then performed to evaluate the role of the gene in Polysphondylium pallidum.  
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3.2.1 POLYSPHONDYLIUM PALLIDUM TRANSFORMATION 
One steak from an original plate with developed Polysphondylium pallidum PN500/clone 2 

fruiting bodies was added to 1 ml sterile KK2 buffer (Appendix C) including Klebsiella aerogenes. 

The cloudy solution was mixed properly and spread onto two LP-agar plates (Appendix C), 500 µl 

each, and incubated 2-3 days at 21°C.  

 

While the cells were developing, a linearization of the pLox-NeoI vector was performed. 

Approximately 6 µg of pLox-NeoI vector diluted in nuclease-free water from Promega (USA) was 

required for the digestion which was performed with KpnI from Roche (Switzerland), 10x 

reaction buffer L from Roche (Switzerland) and BSA from New England Biolabs (England). The 

final volume of 20 µl was incubated at 37°C overnight. To heat inactivate the enzymes the 

mixture was incubated at 65°C for 15 min. Thereafter, a gel electrophoresis (3.1.2) was 

performed to verify a complete linearization. 3 µl of the vector volume was diluted in 17 µl 

nuclease-free water from Promega (USA), dyed and applied to the gel. 2 nmol of 5’oligo 

(Appendix B) complementary to the 5’-fragment and 2 nmol of 3’oligo (Appendix B) binding to 

3’-fragment were added to the digested vector together with 1/10 volume 3 M sodium acetate, 

10x volume of 100% ethanol and 1 µl glycogen before stored at -20°C overnight. The cleaved 

pLox-NeoI vector with hybridized oligonucleotides was prepared via centrifugation (30 min, 

13,200 rpm, 4°C), decantation of supernatant, wash of pellet with 70% ethanol, centrifugation (9 

min, 13 200 rpm, 4°C) and air drying. Final DNA pellet was resolved in 10 µl nuclease-free water 

from Promega (USA).  

 

Feeding Polysphondylium pallidum cells were harvested by adding 20 ml KK2 buffer to the LP-

agar plates and the surface was rubbed to receive maximum cell yield. The cells were 

concentrated via centrifugation (3 min, 2000 rpm, 23-25°C) and another 20 ml was applied to 

the LP-agar plates to collect the remaining cells. Several washing steps with KK2 buffer were 

performed until the pellet was clear from bacteria. The cell number was calculated with a 

haemocytometer on a Motic® AE31 microscope at magnitude 20x/0.40. Five petri dishes were 

filled with 10 ml HL-5 (Appendix C) and 2.5·106 cells were applied to each dish, which thereafter 

were incubated in room temperature for approximately 5 hours. The major part of the cells is 

attached to the surface and therefore HL-5 could easily be discarded without any loss of cells 

when the incubation had finished. The dishes were placed on ice and 2 ml ice-cold H-50 

(Appendix C) was added to aid the harvesting. Cells were assembled and centrifuged (5 min, 

2000 rpm, 4°C), separating them from the H-50 buffer, which thereafter was removed. The pellet 

was resuspended in fresh ice-cold H-50 buffer and the amount of cells was calculated via the 

same procedure described previously. 2.5·106 Polysphondylium pallidum cells diluted in 100 µl 

HL-5 were transferred into a pre-chilled 1 mm electroporation cuvette together with the 

prepared knock-out vector. Components were mixed well and incubated on ice for 5 min 

followed by an electroporation of two shocks, 5 seconds apart (indefinite ohms, 25mFd, 0.65KV). 

Immediately after, the transformed cells were transferred to a petri dish containing 10 ml HL-5 

and 100 µl of the antibiotics pen-strep (10,000 u/ml penicillin and 10,000 ng/ml streptomycin) 

from Invitrogen (USA).  
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The petri dishes were then incubated at 21°C overnight. Cells were harvested with a scraper and 

concentrated by centrifugation (5 min, 3000 rpm, 23-25°C). The cell pellet was resolved in 0.5 ml 

autoclaved Klebsiella aerogenes and 4.5 ml sterile KK2 buffer. The cell solution was transferred 

into a flask and 200 µg/ml G418 from Formedium (United Kingdom) was added as a selection 

marker, followed by incubation on a shaker (36 hours, 165 rpm, 21°C). The cloudy solution was 

centrifuged (3 min, 2000 rpm, 23-25°C) followed by a removal of the supernatant. 1 ml of 

autoclaved Klebsiella aerogenes resuspended the pellet before it was spread onto two LP-agar 

plates containing 300 µg/ml G418 from Formedium (United Kingdom) and incubated at 21°C 

until colonies appeared. Developed clones were selected and inoculated in 1 ml HL-5 with 300 

µg/ml G418 from Formedium (United Kingdom). The whole procedure, except the vector 

linearization, was performed under sterile conditions.             

 
 

3.2.2 PRIMARY KNOCK-OUT SCREENING BY PCR 
100 µl of HL-5 cell cultures were centrifuged (1 min, 13,200 rpm, 23-25°C) and the cell pellet was 

resuspended in 10 µl LyB buffer (Appendix C) followed by incubation for 15 min at 37°C and 2-5 

min at 95°C. 2 µl of extracted genomic DNA was used as template in the PCR programme which 

commenced with a denaturation at 94°C for 3 min followed by a cycle of denaturation at 94°C 

for 30 s, annealing at 58°C for 45 s and elongation for 30 s at 68°C. The cycle was repeated 33 

times before it ended with a final 5 min elongation step at 68°C. The list below summarizes the 

components used for amplification. 

 0.25 µl Taq DNA polymerase from Peqlab (Germany), 5u/µl 

 1 µl dNTPs, 10 mM (2.5 mM·4) from Web Scientific (United Kingdom) 

 2 µl 10x reaction buffer from Peqlab (Germany) 

 1 µl MgCl2, 25 mM from Peqlab (Germany) 

 0.5 µl forward primer, 100 pmol/µl (Appendix B) 

 0.5 µl reverse primer, 100 pmol/µl (Appendix B) 

 13.55 µl nuclease-free water from Promega (USA) 

Wild type Polysphondylium pallidum genome served as a positive control and every PCR sample 

were checked by gel electrophoresis (3.1.2) to examine the knock-out outcome.               
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3.2.3 PHENOL-CHLOROFORM EXTRACTION OF GENOMIC DNA 
A mixture of 400 µl KK2 buffer, Klebsiella aerogenes and 100 µl cells stored in HL-5 was spread, 

under sterile conditions, onto a LP-agar plate. The plate was incubated at 21°C until the cell 

quantity was sufficient for extraction. 10 ml KK2 buffer was added to each plate to detach the 

cells from the surface. The solution was centrifuged (3 min, 2000 rpm, 22-25°C) and the 

remaining cell pellet was washed with KK2 buffer until the supernatant was clear. After transfer 

into a small flask were the cells starved on a shaker (4 hours, 165 rpm, 21°C). The cells were then 

concentrated via centrifugation (5 min, 2000 rpm, 22-25°C) and completely resuspended in 1 ml 

Lysis buffer (Appendix C). After another centrifugation (5 min, 3000 rpm, 4°C) an addition of 250 

µl Lysis buffer and 375 µl Sacrosyl Solution (Appendix C) was made. Tubes were inverted, 

followed by incubation at 65°C for 5 min. Thereafter, 400 µl 2x CTAB (Appendix C) was added to 

each tube and another incubation at 65°C for 5 min was performed. 1 ml phenol-chloroform was 

added, and to ensure a good stir, the tubes were vortexed for 5 min. After centrifugation (15 

min, 13,200 rpm, 4°C) two liquid layers appeared in the tube. The upper was transferred into a 

new tube and extracted with 1 ml chloroform. After the tubes once again were vortexed and 

centrifuged (15 min, 13,200 rpm, 4°C), a new two-layer solution was visible. The upper layers 

were transferred into new tubes and an addition of 1/10 volume 3 M Sodium acetate and 1 

volume isopropanol was performed. Precipitated DNA was collected by centrifugation (30 min, 

13,200 rpm, 4°C) and the supernatant was decanted. A wash with 100 µl 70% ethanol was 

performed followed by another centrifugation (9 min, 13,200 rpm, 4°C) and air drying to 

eliminate traces of ethanol. The DNA pellet was dissolved in 200 µl 1/10 TE buffer (Appendix C) 

including 20 µg/ml RNase from Sigma Aldrich (USA) and stored at 8°C for further experiments.                       

 

 
3.2.4 PHENOTYPE STUDIES 
150 µl of HL-5 cell culture was plated onto small LP-agar plates together with 50 µl Klebsiella 

aerogenes dissolved in KK2 buffer. During incubation at 21°C, the aggregation and development 

were monitored to detect differences between knock-outs and random integrants, i.e. cells 

involved in the process but have been proven to be negative knock-outs.   
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4. RESULTS AND DISCUSSION 
 
4.1 PRODUCTION OF KNOCK-OUT VECTORS 
 

The production of knock-out vectors was started by a former student in the lab and when this 

master’s project started in September 2010, the CudA construct was already finished (Table 4A). 

By the end of this thesis, in May 2011, the rest of the constructs were also completed (Table 4B).          

 

 
Table 4A. Completed pLox-NeoI vectors in September 2010.   

Knock-out gene 5’-fragment  3’-fragment  

pkaC  
 

yakA    

regA    

cudA   

srfA   

  
 
Table 4B. Completed pLox-NeoI vectors in May 2011.   

Knock-out gene  5’-fragment  3’-fragment  

pkaC   

yakA  

regA  

cudA  

srfA  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 Fragment inserted into 

pLox-NeoI 
 

 

 Fragment sub- 
cloned into pCR®4-
TOPO® vector 
 

 

 Primers for 
amplification are 
designed 
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4.1.1 PCR OF TARGET SEQUENCES FROM GENOMIC DNA 
Gene fragments from pkaC, yakA (Figure 15) and srfA were successfully amplified by PCR. The 

program and distribution of components worked as expected, apart from PKA-C were the 

amount of primers was too high, resulting in primer-dimers. The problem was solved after an 

x10 dilution of each primer.  

 
   

 
 
 

 

 

 

 

 
 
 
 
 
4.1.2 TOPO TA CLONING OF AMPLIFIED FRAGMENTS 
Generally, twelve white transformed Escherichia coli clones were isolated and analysed with 

selected restriction enzymes to obtain at least one with the expected cleavage pattern. Different 

incubation times were tested to optimize the cleavage process. When given too much time, the 

appearance of enzyme star activity, i.e. impaired enzyme binding specificity, influenced the 

outcome and gave false predictions. The result from the digestions varied between the different 

gene fragments, some were successful with a number of qualified clones for sequencing while 

others were not as successful. If the result was unclear, an additional restriction digest with 

EcoRI was performed since the pCR4-TOPO® vector itself holds two restriction sites for this 

enzyme located on each side of the insertion. For pCR4-TOPO®YakA5’ an internal BamHI site was 

discovered, hence two fragments were shown on the gel. For pCR4-TOPO®PKA-C5’ (Figure 16) 

two possible plasmids were shown. The rest of the clones probably possessed an insertion of 

primer-dimers since they harboured a much smaller band.  

 
 
 
 
 
 
 
 
 

 
 
 
  
 

Figure 15. Successful PCR 
produced YakA fragments. 
Lane 1: 3’-fragment of 1.5 kb. 
Lane 2: 5’-fragment of 1.45 kb.  

3 kb 

 
1 kb 

 

0.5 kb 

3 kb 

 
1 kb 

 

0.5 kb 

Figure 16. pCR4-TOPO
®
PKA-C5’ digest. Vector size is 4 kb and the fragment is 

1.75 kb. The expected cleavage pattern was shown in lane 1 and 3 (yellow 
arrows). Primer-dimer insertion is marked by a red box.    

   1          2           3           4          5          6          7          8          9         10    

    1  2  
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4.1.3 PLOX-NEOI INSERTION 
When the cloning for pLox-NeoI-YakA5’ was examined, the expected band pattern for the 

shorter fragment version was seen in three out of twelve clones (Figure 17), while the complete 

fragment was less successful and showed no samples with the expected pattern. The reason why 

some clones showed a unexpected cleavage pattern was probably because of contamination 

from other plasmids or inserts during the ligation or transformation. Unknown bands can also 

appear due to incomplete plasmid digestion or star activity.     

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
For pLox-NeoI-YakA3’ and pLox-NeoI-SrfA3’ (Figure 18) the orientation of fragment was 

determined with a second restriction digest. The result showed an equal distribution between 

the two alternative directions.      

 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 17. Digest of pLox-NeoI-
YakA5’. The expected vector 
size is 5.1 kb and the fragment 
size is 1.45 kb, which is seen in 
lane number 1, 3 and 10 
(marked with yellow arrows).  

5 kb 
3 kb 

 
1 kb 

 

 

0.5 kb 

8 kb 
. 

3 kb 

 
1 kb 

 
 

0.5 kb 
 

0.25 kb 

Figure 18. pLox-NeoI-SrfA3’ 
cleaved with EcoRV. Correct 
orientation (0.25 kb and 7.9 kb) is 
obtained in lane no 1, 3, 5 and 9 
(yellow arrows), while lane no 
2,4,6,7 and 8 contained the 
fragment in the wrong 
orientation (1.5 kb and 6.65 kb). 
The extra band shown at 
approximately 4 kb is most likely 
from undigested plasmids.   
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4.2 KNOCK-OUT ANALYSIS  
 

CudA was the first knock-out construct to undergo Polysphondylium pallidum transformation. A 

great number of isolated clones were screened by PCR (Figure 19), and several were further 

analysed after phenol-chloroform extraction. However, the confirmation by external PCR 

controls failed at all attempts (Figure 20). The reason was discovered to be the selection of 

Polysphondylium pallidum strain for transformation. During the cloning process, a strain named 

PN500/clone 2 has been used while the transformation has been performed with 

Polysphondylium pallidum PN500/Japan. Even though the genomic sequence of the strains is 

very similar, small differences can negatively affect the homologous recombination. 

Unfortunately the PN500/clone 2 strain was more difficult to work with since its capability to 

develop fruiting bodies and cysts were limited. After a few cycles of development on bacterial 

agar the process was improved and it was possible to use the strain for transformation. In the 

end, both CudA and RegA knock-out constructs were successfully transformed into 

Polysphondylium pallidum PN500/clone 2. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 19. PCR screening for CudA knock-outs in PN500/Japan.  Domain to be 
deleted has a size of 0.50 kb (Appendix A). Clones lacking the band are shown in 
lane 11, 13, 15, 19 and 20 (marked by yellow arrows). The small band consists of 
unincorporated primers. 
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0.5 kb 
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4.2.1 CUDA KNOCK-OUT 
The repeated CudA transformation resulted in 24 clones, which all were isolated and analysed 

via PCR. Remarkably, all of the clones passed the primary PCR examination (Figure 21). This 

could be explained by method errors, most likely in the genome extraction since the positive 

control of wild type genomic DNA indicates a functional PCR reaction. To conclude if all clones 

were positive knock-outs, a PCR program with primers for the central domain in regA was 

performed. The result was unequivocal, all samples showed a 0.22 kb band, the size of the 

central domain in regA indicating a good DNA quality and that all the isolated clones are positive 

knock-outs (Figure 22).   

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

              1      2      3      4      5      6     7     8      9    10    11    12   13  

           14    15   16    17    18     19    20     21    22    23   24     C 

Figure 21. PCR screening for 
CudA knock out.  Domain to 
be deleted holds a size of 
0.50 kb (Appendix A). All 
clones except the control 
(C) lack the central gene 
domain. The bands shown 
in the bottom consist of 
unincorporated primers.       
 

3 kb 

 
1 kb 

 

0.5 kb 

3 kb 

 
1 kb 

 

0.5 kb 

Figure 20. Second PCR screening for CudA knock-outs in PN500/ Japan. First seven 
lanes demonstrate one of the additional controls were the primers are flanking one 
of the fragments. Since no band was visible, the control failed to confirm knock-outs. 
The second test, lane 8-14 shows the same test as in figure 19 but this time with 
bands appearing, which indicates that no knock-outs were produced. The smallest 
genomic band consists of unincorporated primers.  
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Six clones with high cell density were chosen for further examinations. After high quality 

genomic DNA was extracted with phenol-chloroform, the PCR screening was performed again 

together with the two additional controls. The screening for the central gene domain gave 

identical result as before, i.e. all analysed cells were positive knock-outs. The two new controls 

failed consistently for all six selected clones, which can be explained by other factors than a non-

functional homologous recombination. Since there is no positive control for the PCR, it is 

impossible to evaluate if the procedure was in order. The control of wild type Polysphondylium 

pallidum genomic DNA can establish if the primers can hybridizes somewhere else in the DNA 

and as a consequence give rise to false bands, but it cannot estimate if the PCR is successful. If 

the designed primers are unable to bind in the genomic DNA as intended, no bands will be 

appearing and even if the homologous recombination occurred it cannot be established by these 

controls without designing new primers. Another explanation is errors during DNA phenol-

chloroform extraction, if the DNA quality is insufficient for PCR, no products will be amplified.    

 
 
 
 
 
 
 
 
 
 
 

3 kb 

 
1 kb 

 

0.5 kb 

              1      2      3      4      5      6      7      8      9    10    11    12   13  

           14    15    16    17    18    19    20     21    22   23   24     C 

Figure  22. Examination of 
CudA knock-out clones via the 
central domain in regA. A 
band of 0.22 kb from RegA 
indicates functional DNA and 
that the clones are positive 
knock- outs. The bands shown 
in the bottom consist of 
unincorporated primers.         
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4.2.2 REGA KNOCK-OUT 
A total number of 48 transformed clones were isolated from the LP-agar plates and the primary 

PCR screening narrowed the number to nine possible knock-outs, clone number 2, 7, 8, 10, 13, 

19, 30, 35 and 38 (Figure 23). High quality DNA was extracted from these clones using the 

phenol-chloroform protocol and the additional two PCR screenings were performed. Three out 

of nine possible clones; number 7, 8 and 10 passed the examination and were confirmed to be 

positive knock-outs (Figure 24).           

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3 kb 
 

1 kb 
 

0.5 kb 

1    2    3    4   5    6    7   8    9  10  11 12  13  14  15 16 17 18 19  20  21 22 23 

Figure 23. PCR screening for RegA knock-outs, clone no 1-23. Domain to be deleted is 
0.22 kb in size (Appendix A). Positive clones are identified in lane number 2, 7, 8, 10, 13 
and 19. The bottom genomic band consists of unincorporated primers. 

Figure 24A. Further examination of RegA clones by control 1. Clone 
7, 8 and 10 shows distinctive bands in expected size of 0.95 kb in the 
control flanking the 3’-fragment. Wild type Polysphondylium 
pallidum genomic DNA serves as a control (C) to exclude the 
possibility of primers binding somewhere else in the genome. The 
small genomic band consists of primers. 
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The final confirmation was supposed to be performed via a Southern blot. Unfortunately the 

DNA was not digested properly which was necessary for the blotting. Clones 7, 8 and 10 together 

with three random integrants, number 6, 14 and 27 were digested with XbaI from Roche 

(Switzerland) since this restriction nuclease has frequent recognition sites in the genome. The 

following gel electrophoresis showed an unsuccessful digest, probably caused by factors in the 

DNA extraction. Several steps in the protocol were rearranged and a completely new protocol 

was tested to solve the problem, but without success. The failed digest could be explained by 

wrong buffer conditions for the enzyme or that the DNA is shielded with molecules that protect 

it from enzyme binding. Even though the final confirmation was impossible, a knock-out 

phenotype was observed. When studying the cells in HL-5 a clear difference in cell shape was 

noticed, the knock-outs were more spherical with cyst-like character compared to the random 

integrants (Figure 25).  

 

 A                     B 

             

     

3 kb 
 

1 kb 
 

0.5 kb 

              2        7        8       10      13      19      30     35     38        C 

Figure 24B. Further examination of RegA knock-out clones by 
control 2. Clone 7, 8 and 10 shows once again genomic bands in 
the expected size 1.25 kb (Appendix A). As in figure 24A, are 
wild type Polysphondylium pallidum genomic DNA serving as a 
positive control (C). The genomic band in the bottom consists of 
primers. 
 

Figure 25. Phenotype analysis of RegA cells in HL-5. Clone no 8 (A) is confirmed by PCR to be a RegA 
knock-out. These cells show a spherical shape compared to the random integrate clone 27 (B). Bar lengths 
are 100µm. 
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Besides an abnormal cell shape, developmental differences were observed. Aggregation began 

earlier and the formation of fruiting bodies proceeded more rapidly in the knock-out clones 

(Figure 26). This is very reasonable since this also been observed in Dictyostelium discoideum 

regA null mutants (Thomason et al. 1999). The cell quantity was too diluted to determine, but a 

higher cell quantity were observed in the random integrants than in the knock-outs.  
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Figure 26. Phenotype analysis of development in RegA knock-outs. Clone no 7 (A) has developed fruiting 
bodies after 6 days while the random integrant clone no 14 (B) is still aggregating.  
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5. CONCLUSIONS AND FUTURE WORK 
 
The first steps to improve understanding of encystation were taken in this project and even if 

five knock-out constructs were produced, more genes are required to be disrupted to get 

complete details about the pathways involved in this survival system. The most central gene, 

pkaC has already been proven to be essential for early development, morphogenesis, late 

development and terminal cell differentiation in Polysphondylium pallidum fruiting body 

formation (Funamoto et al. 2003). Most likely, the consequences will be equal and prohibiting 

encystation since PKA is proven to be one of the most central and conserved proteins in the 

pathway. As mentioned before is PKA regulated by YakA which also regulates the cell cycle 

(Taminato et al. 2002). An absence of YakA would most likely decrease the levels of PKA and 

inhibit encystation or reveal if other proteins are promoting PKA accumulation in encystation. A 

YakA knock-out could moreover give indications if a certain stage in the cell cycle or if an arrest 

of the cycle is required for encystation to proceed. Another regulator of PKA, RegA was knock-

out in this project and the primary result indicate, as expected, that the cells encyst more 

readily, which probably is a response to the increased levels of cAMP in the cells. Furthermore, 

the development seems to be accelerated, but further examinations must be performed where 

every step in the life cycle is monitored to conclude if some steps are more affected than others. 

Moreover, studies of sexual macrocyst formation could be preformed to reveal if RegA is 

involved in any of these processes as well. The examination of CudA did not reach the point 

where any remarkable indications of the gene could be predicted as for RegA. However, the cells 

in HL-5 showed a normal phenotype. This was expected since CudA is not directly involved in 

cAMP regulation (Weijer, Williams 2001). CudA as a transcription factor has been proven to 

control gene expression of both culmination and spore coat proteins (Wang, Williams 2010a, 

Wang, Williams 2010b). Its role in encystation could reveal if it regulates even more genes and if 

CudA also has similar effects to the cyst coat formation. The last gene included in this thesis was 

srfA, which is involved in protection and stabilisation of spores (Escalante et al. 2004). A 

disruption of this gene could solve questions concerning the cyst stability and suggest possible 

targets for encystation inhibition. Next mission in this project is to solve the issues regarding 

extraction of genomic DNA in hope to receive a final confirmation of knock-outs via Southern 

blot. More genes ought to be transformed and knocked-out to reveal the unknown mechanisms 

behind the encystation pathway. Hopefully will this contribute to the findings of treatment for 

diseases caused by many protozoan pathogens.  
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APPENDIX A 
 
NUCLEOTIDE SEQUENCES 
 
Amplified fragments (grey) with the essential central gene domain in between. The primer 

binding sites for PCR amplification are underlined and the primers for knock-out screening are 

marked in red.     

 
 
PKA-C 
 
5’-fragment: 1.75 kb 

3’-fragment: 1.07 kb 

GGCATCACAAGGCAAACAGAGAGGAGATCCCGAAAAGGCAGCGAAAGTAATCTATCAACTCACTCGAATTCCAGAGGGAACTCC
AACGCCACTACATCTTTTCCTTGGTCCCGACGCCAACGAGATGGCACAACAAAAAATAGATATCTTGCAACACGATTTAAATCAAT
GGAAATCAATAACAGATAGTACTGATATTTAGTAAAAATAACAAATCAATCTTATCAAAATAATAATAATCACAAGTAATAATAAT
AATATTTTAAAACTTTAACTCTCAGCAAATCAAATATATATTTATCACTCCAAATCCAATTAATTTAATTGAATGATTGATGATGATT
CAAAATCTATGTATTTACATTTATTTCAGCTGATATTGTATCAGTCACCTACTATTCACTCAAAAAAAGTGTAATGGTGAATGGGTG
GTTGATGAAAGAATGAGAGTGTGAATGAGAATGGATGAATGATATTTAGTACCACACCACAAACTAGGTTAACCACTCACTCATA
TATAATCATCATAAATATATGTGAAAACTAACTAACTACTGTTTTTTTTTTTTTTTTTTTTGTAGTAGTAGCGCCATAAAGTTAAATA
AAATAAATACTAATAGAATAGAATAAAAAAAATAGTATTTATTGTTATTAATAGAGGTGATACTATATTTATTATTGTTATTATTTC
TTTTTTTTTTTTTTTTGATGATGATAATATAATATTAAATTGTTTTTTTTTTTGTTTAATTAATCATATCTATATATCCACTTTATCTCAC
TTTACTTTGTGTTTATTATTTTTTTTATTTTTATTTTTTTGTTTATTGCGCTGTGGACAAATTAATTTAAATCAAAAAAAAAAGAAAAA
TTTAATTTAATTTAAAAACTTCATCCAATTTTTCATTCTTGACAACATTAAATTAAAAATTTTAAATTAATTTTTTTTTAAATTAAATA
ATTAAATTATTATTTGTATAAAACAAAAGCAGCAGAGCTTTGACAAAGAATCCAACAGACAGACAAAGCAATAATTAAAACAACA
AAAAAAAAAAAAACTAGTAAAATAAAGAAAATAAACAACAAGCAAAAAAAAAAAAAAAAAAAAAAACAAAACATCAGTTGTTTA
AAATAAATTTAATTTTTAATATACTTGAAAATTTATCTATTTTCATATTATATAGATTATTTTTATAATAATAATAAAGAAAAGAAAA
GAAACTTAACCTATTATCCAATAAATTTAAAAAGAATAATAACTTTAGAGTAAAACTTTATAGTTTAGTTAGTTAGATAGTTAGAC
AGATAGAATAGACTGTTTTTATTTTTATTTTTATTTTGAAATATAAATAAATATAAATTAAAGTTAATAATATATAAAATGAATTATG
ATTATAATAATAATGAATCAAAAAATGATAATATTCAACATGTAAATCAACAACAACAACAACAACAACAGCAGCATTTACATCAA
CAACAACAACAACAACAGACATACAATAGTAATAATAATCCTAGTAATTTCAGTCCATTACATCAATCGAATCTATCGAATACAGT
CGATGCAATCACGAGAATGGATATAGAGGAGAAGAAACATAGCATTGGGAGCAACAGTAGCAATAGCAGTGCAAGCAGTAATA
ACAGTGGATATAGTTTCAGTGCGCTGAACATCCCCGCCAGCAATATAAATAGTATAGGTAACCTGGTGAATCCAATGAGGAGCAC
CAGTGCCGACGGCACCAGCAATGTATCGGCCTCACATTTCCCAAGTAGTATGCATCTGCCTCCACTCAACACACAACAACAGCAAC
CACAATCATCATCAATGATCAACCACCTAATATCACCTGTACAGCCATTTAAGAATAATAATAATAATAGTAGTAGTAGTAGTTAT
CAATCAACAACATCACCTTCGACACCACCACCAACTCAATCAATATCAACATCATTATCATCATTATCAACAACACAACAACAACAG
ACAACAACAACAACTACTCTACCATCGATGTCGTCTGCGTCACCACGTACATTCTTGCCGGATCCGCTCCTCACTCACAACTCTTAC
TACCAGGCACCACCCAAAGATGCCAAGGAGCGATTGAAAGAGTTTAAACAGATAAGAGTCATTGGAACCGGAACGTTTGGTCGT
GTCTATCTTGTACAGAATATAATTGACCATCAATTCTACGCAATGAAGTGTCTCAACAAATCGGACGTAGTCAAACTCAAACAAGT
CGAACATTTAAACTCTGAAAAATCAATTTTGGCATCAATTCATCATCCTTTTATTGTTAATTGTGTAAGTATTAATTAATTAATAATA
TTATAATCAATAAATAGATCACCTTAATTAATAATGTTTATTCATTCATTTACTTTAGATATCAATCGTTTCAAGATGAAAAGAAAAT
ATATTTACTATTTGAATATGTGGCGGGTGGCGAAGTATTTACACATTTGAGAAGAGCTACCAAGTTCAATAATAATATGGCAAAG
TTTTATGCGGCAGAGATTATATTGGCGTTGGAGTATCTCCACAGACATAATATAGTATATCGTGATTTAAAACCAGAGAATCTGCT
ACTCGACAACCAGGGTCATATAAAGATCACCGATTTCGGATTTGCAAAGCGTGTGGAAGATAGAACCTTTACTCTTTGCGGTACA
CCCGAGTATCTGGCTCCGGAAATCATTCAAAGCAAAGGTCATGGTAAAGCTGTAGATTGGTGGGCACTTGGTATTTTAATATTTG
AAATGTTAGCTGGGTATGTTTGTCTAATATATATATATATATATATATAAACAATTGCAAATCAAATCATAACTAACAAAACACACA
TTTCTATTCTCTTTTAGTTATCCACCTTTTTATGATGATGATACATTTGTAATTTATGATAAGATTCTGGCTGCAAGAATCACTTTTCC
ATCGCATTTCGATCTTGATGCAAAAGATTTAGTAAAGAGACTATTGACTGCTGACAGAACACGTAGACTTGGTGCATTAAAAGTA
AATAGAGATTAATAATCAAAAAAGAGAAAAGAAAGATCGCACAACCAGGTTTATTAACTTAACATTTTTATTACATATTGTAGGAT
GGCGCTCAAGATGTAAAGAATCATAAATGGTTTGCAGATATAGATTGGAATAAATTGTATAAATAGAAAGATAAACGGTCCTTTC
ATACCTCAAATTCAGCATCAAGGAGATTCTTCTAACTTTGAGAAATACGATGAGGAACCAATGTGTGAAGACTTTACTCTACCAGG
TTATGTCGATCCCTATGCTCATCTATTTAGAGATTTTTAAGCAAAAAAAACAACAAACAACACAGATCATAATAACAATAACAATA
ATAATAACAATAGCAATCAAACCAACCAAATATTCATATAATATAATATAATATGATAAATCAAATAAATAAGTGTATTATTTATAA
GATAAACAATCTTGAATTTTTGTTTTTATTTTATTTTATCATAACATTCTCTCTACTATTCATATCATATAAGTTATAACATCACATCA
ACATAACATCACTAACTTCACCATCAGCGCAACAACCAACC 



II 
 

YAKA 
 
5’-fragment: 1.45 kb 

3’-fragment: 1.50 kb 

The internal BamHI site, marked in a darker grey in the 5’-fragment, decreased the fragment size 

from 1.45 kb to 1.15 kb.    

TGTTCTGGTGGGTGGCGACTGTTTGATGGCGTAGTTATTGAAATTCGAGGTGGGTGGCGACTGGAACATCATTGTGTTCATACCA
TAGGGACTGTAGGAGATCATGTTGTTGTGCTGTGAATCGCCACCACCATTGTCATAGGGTGATTCGTTTTGAATCGAAAATTGTG
GAATACCCCATGGCGATGAAGGTGGTTGCCAACTGCCACTCTCGCCACCGTTGATCTGCATCGTGTTGAAGTTGCTATTCATGTCC
TCCAGCTCNNNTTCCNAGNCCCTGTTGTTGTTGTGGTTGCTGTAGTTGTTGCGGAATGAATCGTGATCCCACTGGACTCGATGTA
CTCTTACTTAGTGGGTTGGCTGATTGCTGCTGCTGCTGTGAAGTTAATTGTGGTGTTTGTTGTTGTGAAGGTAGCAGTTGTTCGAT
TGGGAACAACATCTCCTCGGATGGCGATGGATTCCAATTGATCATTCCAGAGTCAGAACCCCATCAAAGGACTGATTGGATCTTG
TGAAATCAACTGAGGTGTAAGTGGTAGATTGATTTGAGGTGAATTTGGAATGGGTGGTGAATATGGAGGGTTATGATGATATTG
CCTTTGCGATTGTTGTTGCTGTTGCTGTAGCTGTCTGTTGTAATCGAAAATCTGTGGAGCAGAGTGTTGTAATGGTGATTGTTGTA
ACTGTTGTTGTTGCTGTTGCTGCTGTTGTTGTTGCTGTTTATTCGATGGATGTTGGTTGTGTTGTTCACCATAGCTATGTGATCGAA
AGCGATTCGACGAGCTCCAATGATCCAAATGTATTCTCGGGATGAATTGATGATATGGATTGTCCATCGGCACCAATCCAGACTG
AGATCTCTTTCTCTGTGGTGAATTCAGTGGATACATTGGTGGTTTCTCTGCGTCTAAACTATATTGATCATCGAGCATCATGTTCAT
CATACCATTGCCATTGTTATTGTTGTTGTTACCACCATTGATATTATGCATACTTGGTGGTAAAAGATCGTTGTTGTTATTGTTGTTA
CCATTGGAATTAGGAGCATCGCTCTTTGATCTTCCACGTCTAGAGTTCTGTTGTTGTTGCTGTTGCTGTTGTTGTTGATAAATCGAA
GAATTGAGGGGTGGAGGTGGTAATCCGTCGGATCCGCCCCATGAACCATAGTAGGGAGTGCTTCCATAGTGTGGACTGAACGG
AACCGGTGGAAACATATCTCGAAGGTGTTCCAAANCNATNCGATGGACTCTGTCCAAGTGCCAGTTGTGAAGATGATTGATGTG
AATTGATACCGTTGTTGTTGTTTGAAAACGAGCCATAAAGTGAACGAGGTGAATACGACTCTGGGAAGTAGGCCGGTTCGCCAC
CCAACGAGTGTTTGAATGGCGGGAGTATGGGAACACGTTTTCCAAAGCTGCTGTTGCTGCCGTTGAACGAGTGATTCTGCGCAG
CGGCAGCGGCGGCGGCGGTGTTTAGCATGATTGGCTTGGCAGCAGTGGAAGTGGAGCCACTGGAGGTGAATGGATTCTTCTTTA
GAGGATCGGGAACAAACGGACCGGTATACGGTGAACCTGTAATAAAAGGATGTTCTCTAGCTTGCATAGGTGACCATCTATCGA
TTGGATCCAAATTTAAAAGACCTGAAACAAAATCTGTAAATACAATTCTATTATGTTTTTCTGATCAGAAAGATAACAAAATACAA
AAGTTAGTTTTTGTTAGGTCGATTACCAGTAGTTTGTAACTTGGTTTGTTGTTTTTACCTTTTTCTATTTCCTGTGGAGTAAGAGTCT
TTTTAAATCCATAGTTCTGAATGATTTCTGGTAATAATTTATAGTTAAAATATTTCTTTTGTGGTTCTAAAACTTTGTTTGTTTCCTGT
GTGTATTCCAAAAATGTTTAGTTAGTTAGTTAGTTAGTTATGGTGAATGAAATTTACTGCAGTTTTGAAATAGATAGTTACTCTTTG
ATATTCTTCCTCTGATTTCAATTTATAGATAACTTTTCCATTTTCAATGGTTTGTTTGAAATAGTTTGCGCTGTTCTTGCCCTTCTCTA
TCATTTCGTTTGAGAACATTCCACGCATGTCGATGATCCTGCAGATTTGGTTGTACTCTGATGTACCTGGAAACAATGGTAATCCT
AAAAACAACTCTGCCGATATGCAACCCAGTGACCACATATCAATGGAACTAGTGTATTGCAAACCGACCAGCACCTCTGGTGATC
GATAGTGTCTCGATTGAATATAAGTATAAATAGTCTGATTTTCATAACAAGCCGATCCAAAATCTATTAACTTTATATTTGGTGAAT
TGACACTAATGTTATTATTATTGATAGACAATATTGTTAGTTCAACTGCTTTCATATATCTTATTATAGTATAAGAGTATAAGTATG
ATCATACCTTTGTAATAAAATATTCTCTGGCTTCAAATCACAATGTATCATATTTGCTTTCGATAGAACTATGAGTGCATCAAGTAT
CTGAATGAGAAATACCTTTATCAGGTTGGTNTGACAAATCCTCTGAATGAATTCTGCTTAATCNAACTCGAATAGATTGACACTTA
GCAATTCGAAAACAATACAAAGATGCTTTTTGAAAACAAATGAATCCAACAATCTTAATATATTTGCTTTGTTATCTGGATCATATG
TAATATTTAACTATAACAACAATAATAATAACGTATATAAAAAGGTTAATTAAATTATCAACATTTACAATGATCACACCAATCATC
TCTGTATCTGGATCAACTATATTTACCTTTCTTAAAATTTCAATCTCCAATCTTCCCTGTTGAAAATAAGCACTCTTATTCTTTAGTAT
CTTCACTGCCACGAGTTCATTGGTATCGCAATTCTGACATTTAACAACCTGTCCAAATGTTCCTTGTCCAAGTGTATCCAATACTTT
ATAACTATGAGTGAGATCAGGAATAAAAATAACAATGTTAATAATAATAATAATATAAACACAAATGTAATGCGATCATTACCGTT
GATTAAAATCTGAACCAATAATATCATTGACATATATAATATAATCAGAGTTGACATTGTCGAAACCTTCGTTTAAAACACCTTCG
GAAGGATGTGTTAAAACTCTTCTTGGATTGAGCGACGATACATAACTGAAATCAGGATTGCAACGTTTATAAAACTCCAACAGAT
CTTTTGTTGTTTTAATGATTGGCTATTTAAAAAAAGATAACATTAAACATTACAATGTAAGTATAGTGTATTGTAGTCTATCAAACA
ATATTACAGAATGTAAATTATACATACACCACGATGATGATTGTTGTTACTAGACTTTTTATCGATGTTTATATTGGTAGTAGAAGT
AGTAGTTGTTGTCGAACTCGATTGTGTTGATTGTTGTTGGTGCTGTTGTTTTGTAGTTGGTGTTAGATAACTGAATGAATAGTCAT
TGATCTTTGCGACATTCTTTCCTATTCCACCGATGCTGATGTTTCTCGAGTGTGTTCTATGATGTCCACCACCACCGGTGCTACTACT 

 
 

 

 
 
 
 
 



III 
 

REGA 
 
5’-fragment: 1.2 kb 

3’-fragment: 0.94 kb 

Negative control: 0.22 kb 

Insertion control 1, flanking the 3’-fragment: 0.95 kb 
Insertion control 2, flanking the 5’-fragment: 1.25 kb 
CGCGATAAGCAGTGTCAGTGTCACCTTGGAAAACTCGGTGATAATCAAAAGTCACAGCAACAACCGAACGGTCGTGCACACTCA
GTACCATCACTACCACTAAACTACCCAGACTCCTCAGATCCACAACAACATCAGCAAGCTTCACCTAAATCTCCATCATCATCATCT
TCATCAACAACAACTAAGAGTTCAATTTCAAATTCCATTTCGAATTCAAATTCAAATTCAGATTCCAACAACAAAAATTTAAATAAT
AATAATAACAATAACAATAATAATAACGGTAATAACAACGGTAACAATAATAGTAAAGACAATGGAAATGGTTTGGTGATATCCG
ATCAATTACCAGCAGAGTATTCACCATCTAAAGTCCATATATTGGTTGTCGATGACGATATAGTTCAACGATCTCTATTAAACAATA
TGTTAAAAAAATTTAATTTTAATGGTAATTACAATTTCATATATATGTCATTTCGTTCGAGTACATTTGATTAATAACCAATATTCGA
TTAATAATAATTTAAAAGTTACACTTGTTACAAATGGTGAAGAAGCATGGGATACATTGTTAAACGGTAAAGTTATGTATGATTTG
GTATTAACCGATGTCATGATGCCAATGGTAACTGGATTTGACTTGTTACAAAGAATTAATGAACACATTGAAATTAAACATATACC
AGTCATTTGTAAGTTTTATATTTTATTATTCTTACGACCATTCCTATACTTACTCTCGTTCCATGTTTATATTATTGGTTTGCCTAATC
AATTGTAGTGATGTCTGGAACAGCTGTAGATTATAAATATGCAAATGATACAATTAAAATTGGTGGTCAAGATTTTCTTACAAAAC
CAATTGCAAAAGAGTTGTTGAAAAAGAAAATCGATACCGTTCTAACTAGTATTTGGCAAAAGAAGAAAGAAGCAGAGTATAAGT
ATGCTTATTAATTACTGTTTATTCAAATTCATTAAAGCTTAGCTAATATTTATTATTATAAATAGATCTTTCTTGGCAAGAGAAAGG
GAGAATAGAAGTATTTTAGCGAAACAAATGGAGGCTAAGGAACATGAGATTGAAGAATTGACCAGAAAGATATCAGAGATGGC
ATCGATCTCCAGAGAGGCAATGGAATCACCACTCGTTTCCGTCACCAGAACCATCGAAGAACTGATGCAACAAACCAATTGGACT
GATCACGAAAACGATATTAAATATAAATTAACAATGATTCTAAAAGAATTAGGGTAAGTTTATTTTATTTGATTTGATTTGATTTTA
AATTTAATTAAATGATTAATCAATATTAATTAATTAAATTATTCATCATTATTTTTGTTAATTTTTTAGATCATCAAATATTTATCGAC
CATCATTTGAAAAGTTGATAAAGAATGAATCGGTAGATCCTGTTACAAAGAGTTTTTTGGTGACGGAATTCTCGTCGGTGACAGG
CGCCCGAAGAAACTCCATTCCAACATTCCCACAGACTGTCTCGAGCAAAGACACCAAAGAGGGAATCAAAGGTTGGAACTTTGAT
GTATTTAGATATTCCGAGGATGATTTGATGCCCATGTTGGTCGATATGTTTGAGAACTTCCAGCTACTTGAAACATTTAAGATTCC
CATCGAAAAACTACAGAGATTTATTATGGCAGTACATTCACTCTATAGAAAAAGCAACAGGTATTTAAAATACAAATTGAATCATC
CTTTATATTATATTACTCTATATATATTTTTAACACAATACCATTGCCACAATCGATTCTTCTAGATATCATAACTTTTTACATGCATT
CGATGTAACACAAACATGCTATACATTTTTAACCACTTTTAAAGCAGCGCAATACTTGACACATTTGGATATTCTGTCATTGTTGAT
CGCTGCGATGTGCCATGATCTCAATCATCCTGGTTTCAATAATACATTCCAGGTCAATGCTCAAACAGATCTAACTTTACAATATAA
TGATAATTCAGTTTTAGAAGTAAGTTGAAAACAGTTAACCTAGAATGTATTTTAGATTTGAATTTAACTTTAAGAAATCGATTTGA
ATTATTTTAGAATCATCATGCAACCTTAACATTTAAAATACTTAAAAATAGTGACTGTAATATTCTCGAAGGTTTGAATGAAGATCA
ATACAAGGAATTAAGAAGATCAGTTATTCAATTAATTTTGGCCACTGATATGGCATTCCATTTCGAGTACATCAACAAATTCCAAC
ATCACCTGAACAACCAGCCATTCGACAGAAACAAGAAAGAAGACCGACAAATGATTTTAAACTTTTTGATAAAGTGTGGAGACAT
CTCGAATGTCGCAAGACCGTGGCATTTGAATCTGGAGTGGTCGAACCGTGTCTCGGACGAGTTTTTCCAGCAATCGCAATTTGAA
AAAGTCTGCGGCTATCCGGTGACGCCTTTCATGGACAAGACCAAGACAAACCGTCCGAGAATCGCTGCCGATTTCATCGACTATG
TTGCACTGCCACTCTACCAAGGTCTGGCCAGATTCCTCTCGGACACCAAGACTCTGATGGAGATCATGTCCACCAACCGACAGAA
ATGGCAAATCGAATTACTCAGACTGGACGGTCGCTCCGAAGAGGAAGTTGAAAAAGATAAGACTCCAACTTCCTCTGATAAAGC
ATCGCCCAACTCACCCACCGATTCACC 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 



IV 

 

CUDA 
 

5’-fragment: 2.21 kb 

3’-fragment: 2.13 kb 

Negative control: 0.5 kb 

TCACTCCTCTCTGCCTATCATCTCATCTCTCTCATTTGGTTATAATTAGAATAGTAATAGGTGAAAACAGAGTCAGCTGCACTGTAA
GAGAGTGTTGAATGGTATCTATATTTGAGATGAAAAATAGTGGTGGTAGTGTTTGTTTGTTTGTTTGTTGTTGTTGTTATTGTTTTG
GTCGAATATGGTGGTTTTTGTGGGATATTAAGTGTGGTCGATGTGGATAGTCTACAAATAACACTAGCAAGCAATAATACTTTTAT
ACCTTATGTTACATATGAAGTATATCATATTAGCATTGATGGATTTGTTTGATTGGTTAACTGGGAAAAAGTTATTTGAACAAAAA
TTTGGGGTACACACACTTGTTGTTATGATATTTGCTTTATGTACATACTTCTTCATTTTCCATTTTTCTGGTTGCTGGTTTAGTAGAT
AAATAGGAGTGAGTGATTGAATGATGATATGTTAACATGTGATGTGACAAACGTGTTGATTCTGCTGCTCTTATTGTTGTTGTTGT
TGTTGATATACTCCTGTAGATAAAAAACAATTTAAATAAAAAAAAAAGAAAATGGATAGAATAGGAAAATACAACATATAAGGA
CAAATGAAATGTGAGATAGACAACACAAACTATATTTTTGGAATATATATACCTTTGTCCATCACCACCACAGCAACAACAAAAAA
ACAACATGTATATATATCTTTTTATATCTTTATTTTTTAGATGTAGATACATTGTCATATGATGTAATCCTCTATATATAAGCATGGG
ATAGGATAGGTAGTTGAAAGGGATTATCAATATAATTATTTTTGTTTTTGTATTCAAAGTGACGATTTTTTTTTTTCTGTTCTAGTGT
GAGTTTTAGTGTGAATGTCAATGTGAGTGTGAGTGTGTAGTGAGATAAGTCAGAGTTGAGTGAGTGTGTTGTGTTTTTACTTGTA
CCGTGCTCTTTGGTTTTGTTTTTCTTTTTATGATTATGTTTTTGATGAGTGTGTTTGTATAAATGAGTGTGTGGGTTTGTGTGTTTTG
AGGAGTGGAGTTAAAACAGTACAATAAAAAAACAATATCATGATATTAAATCAAGAATAAATTTGAAAAAAAAAAGACATAAAT
AACAAGATATCCCTATTATTTTTATTTAATTTAATTTGGATTATTACAAACATCAGACAACCAATATATATATAGAATAGAAACAAC
AACAAAATTGATAACCATCATCAGTTTTTTGTTTTTGCTATTTCCAATTTGCATTTTTTTATTCTACAAAACTATTATTTGTAAAACAG
GAAGCAACTTGTGATAATCCAATTTTCTAGATTATTTTTTTTTTTATTGTTATTATTTGTTATTATTTATTTTTTGGTAGCATTTAGTTT
AAATTTACCATCATTCGAAATTGTATAATTTTTTTTTTTCTTCTTTGGTCAATCATCAATCACTTTCATAATATTTATATTGCCATATA
AAAAAAATATATAGAACCCCATTCTTCACCAGCAACAACAACAACAATATCTTCATCATCATCTATCACAGTAATACCATCACCATT
GTCTTCAAAAACAAAAAAAAACAATAGAAAAATAATTAGTTAATTAATTTCCAAAACTAATTAAACACTACTACCATTGTTATACCA
CACTACAAACCGTATACAACTCATCATCGATAGTATTACATCATTTTTTGGTTACCTATATGATTTATATCCTGATAACTATTTACTA
TTTTTTTGTTTGTTTATTTTTGGATTTCCAGTTTTCTAAAAATAAATAATAAATATCTATCTATAGTTAAAAAGAGTTTAATAAATATT
AATAAATATTATATTCAGGTAACATCTATATTACTACCCTACTTTTTAAAAATATTAAATAATAATAATTTAATTAATAATTATTGTC
AATAATAATAAATATAAATAGTTAAGTTTTTTTTTTTTGTATTACTATAATAAAATTTGTTAAATTAGTAAAATGAGTTTAATGGTTA
ATAACCATCCTCAATTCCATTCGATGGAATTAAATCCAGCATATAATGGAATGATTAATGGCCAAAACCAAATTCCACATCCATATT
TATCACAACAACATCAACAACAATTAGGTCATGCTGTTGTTCCACATCTACCACATATAGCGCCATCAGGACATCTATTGAGGAAT
GTTCCTGACTACCAGCCTGGCACCGGAGCACAGTCTTCAACTGCATCACCGTCATCCAGCAGCAATATAACAACATCATCACCCAT
TCCCAATAATATTTCCATTAATAATAGTCCTGTGAATCAATCTAACTCCAGTCCATCTGCAATGCAATCAAGCAATAAACGTATATC
GATTACACAACAAACCTGTTTGGTCGAGGAGAAATTCTCAAAGAACGGTGTCCAAAAGAATGTTCATGTAGTCGTCAAAAACAAT
CCATTCCTCCTCACTCTAACGTTGCTTGACAACTCACTGAATTTCCATCAACTCTCGCCCGAGGTACATCTAGTGTATGACTCTGAG
AATTTGAAAGAAGTCGACTCTGCAACCATGAAGCCACTCGAATACAAGACCAGAGCCAACGAAGAAGGTGACCAACTGACTGTT
GAACTTAGAATAAAAGTACTCTCATCGCAGCTTGAAGATATGCTGTTCCGTGCGCGTGTAAGAATAGTAGATCCACGAACCAGAA
AGGAGATCGCTGGTCTGGCAGTTGTCACTCATCCCATCAGAGTTGTCTCCAAGCCCGACCAAGTAAAGAAGAAAGCCAAGAAGA
GAAAGAGAGCACCAACCGACTCACTCATGGATACACTCAATCGAATTGAACACCAACAAAAGGAGCAACAAAGACTGCTCAAGA
AACTCTGCTATTTCGACAAGGAGAACAATCTCGGTGCGCTTCTCGCCGCCAACAACTCCAGTGTCAACAGTCTGCTCGTTCCCAAT
GCCGACTCGCCAAAGATTGTCGATCACGAAGGAAAGATCATCGAGACAAACTGCTCGGACAACGGATCGGAAGACGAATCCGG
TGGTGCCAAACAACAGGGTGTCGCCGACAAAGACGACTTCCAGAAGGCATTCAAAGAGTTTATTTGTGCTTTCAAACAGCTGCAG
TGTCTTGATCCCGACGGTGCCGACAGTGCATTCAAGATCAACACCTGTGCCAACGATGCACAGACCATGTGTGAGATACTCGAAC
TTGTCAAAATGGAAATGAAGAAAGATGAGCAAATCAAAGACAAGTGTGGCATCTCAGAGTCGATCGGCGGTGAATCACTTTGTT
CTTGTCGTATCTGCCCGTACAAAGTCAAGGTCGATCACATCAACCAATCCTACGAGAATTACTTTAATATGTTTGGAGCTGCCGGT
GCTGCCGCTGCCGTTGCCGCTCAGAATCAAATGGTTGTACCACAACTTGAATACTCATTAGATGGCACAACTCAACAGCAACAAC
AACAAGTACAACAGCAACAACAACAACAAGCAGCATTACAACAACAACAAGTATTACAACAGCAACAACAACAACAACAACAAC
AAGCATTACAACAACAATATCTACAACAACAACAATTGCAACAACAATATCAATATCATCAACAATTACAACAACAACAAATTCAA
CATCTTCAACAGATGCAACCTGCTACAATAGAACAACAAATATATCTCCAACACATTCAGCAACAACACCAAATGATGTTACATCA
ACAACAACAAAGATTACTCCAACAACAACAACAACAACAACAACATCAACAAACAGACCAACAACTTACAAATAACTTTGTCGATT
TTAACAATGGTTTAATGAACTTCCAAGTAGGTCTATTTAATGACTTGGGATTCTCGGCTGTTTAAACATTTTATTTAATAATAAATT
TAATATAATATATAAAGTTATAAAATTTAAATAAAATATAATTATAATTATAATGAATTAATAATTTGAAAAAACCCAATAAATTTT
ATAAACAATATCAAAAAAGTACAATTCTTAGTAAAAATACAATGGAAATAAATGGTTGCGAATATCTAGACTAGACTCAAAGAAA
TACTATCTTTTAACAAAGATGAATCTATCATTACTATTATTTCGATGACAAAAACAAATCATCATTATCCACACCGTCAGATTGTAG
ATTGAATTAATAAATAAAAATAGATATTGTAGGTGGATTTATGTTTATTAAAGTGATATATATTAATAGTATTAGTTACATAATTAT
ACATGGATCTAGATGGTCTTTATCGATATTAGATCTTTGTTGTTGTTGTGACTGATGGGTAGATGAAGATACTGATTCCTTTTCAAT
ATTTTCATTACTTTTCTTATTATTATTATTATTATTGTTGTTATCATTATTACTTTTTTTATCATTGTTATCAGTATTCTTCTTTCCTCCAT
TATTATTGTTACTATTTGATTCGTTATTCTGATTTGTCTTCTTATTAATTATCTTTTTGATGATTGGTTCACCGGTTATCTTCTTTTTTA
AATTGTCTAGATCCGTTGAGAACTTTGATGGTTGTGGTGTTGTTGTTGATGTAGATGATGATGATGATTGTGGTGTTGAAGTAAT



V 

 

ATTACCGATATTACTACTATTGTTATTGGAGTTATTATTATTATTACAATTATCAGAGTTGTTGTTATTGTGTTTATTATTATTATTAT
TATTATTATGGGTTGTTGTTACTACTGTTGTTATTACTGTTATTATTATTGTTATTGTTGCTACTGAGTGAAGAGATAGAATTTAATC
TATCTTCATCTAATAAGTGAAAAGAATTACTTCTTCTCTTAAGACCTTCTCTGGTCGACGAATCAGCAGGACCGTGATTTTACAGGT
GAGAAAGGATTGGTCGGTGTCTG 

 
 
SRFA 

 

5’-fragment: 1.63 kb 

3’-fragment: 1.42 kb 

ACTACCACCACACTAACAGCAACTACCCCCTTCTCTCAATTCTTAGTCTTTTAACACATTTGGTGTATGTCCTTATCACACATTCAAT
TATCCATCATCTATCTATCTAGCTACTGTTCATTTTTTCAGCTGATAAAATTAAAAAAAAAAAAAAAAAAGTGAATACCATCCACTT
TTTCATACAAAATCCTACAATTTTTATTTATAATCCTTCAGATAATGAAAATAACTATTGTGAGTTGATTCACTTTTAATAGTTATAA
TAACAACACACAAACACATATATCATATGACACACCAAAACCACATTATCATATAACACATTTCAATTCGTGGTGTGGTGGTTTGTT
ATATTGCTTCTATATTGTTTTTTTTTTAAATGTTATTACTATGTATACATATGGATAAAACCTATACATAGTCTCTATCGTTTCATCTC
TTTAAAAGTAAATATAAAAAAAAAAAAAACAAAATTGTGAAAGAGAGAGAGGTATTTGTCTACTATTGCACTTGTTTTGTGGTTG
GTGTTCAATCAATCCAGTTTTGTTGTTATATGCAAGCTGCTACAACAAAAAATAAAATTCAAAAATCAACAACCAAAACACCTACT
AGTAGGAGTAGTACCACCGTGTCTATTTAATTTGTTTAATTTGTTTTAACTTATTTTGTTTATCACAATTTTATAGTCAAAGGTTTTG
TTTTATCTTCTTAAATTCAAATTCCAAAACCAAAAAAATCAAAATCATAAACTTCCAACAAAATTGTTTTGCTTGGGTTCAAAAACA
ACAAAAAATTGTTTTATTTATTAAAATTCAATTCCAATTTGTATTATTAATCTACATCACATCACTATTTATTTATTTAATTAAAACTT
AAATTATCTGACGAAAAAAAGAATTAGTTTTAATTTTTTGTAATTTTACTTATCAAATCTAAAAAATATTTTCCCACAAAGGAATCA
AAATTTTCAAATATAATCATTGTTATAATATCATATCAATTCCTAACAAATTTTAATTTTTTTTTTTTTATTAGTTTTAAATATCATCCC
TATAAATTAGATCAAAAAAAAAAATAAAGCAAAGAATAACTGAAAAGGTAAATATTATATTTTTTTACTTTCCCACCTTTTTTTATT
TTTAAAAAAAAACAAACAACAACATCAATTAACAATTCAACACAACAATATTAAATTACTTATTTTTACAACATCACTCTATCTTTAA
CCCAATGAAAATCAATAATACTAATTAATTTTATTTTTTTTTTTTTTCTATTTCCCACTTTTTCCAAACTAAAAATAATTAATTATTTTT
AATTTTATTTATTTATATTTTAATCTAAACAATTATTATAATTTGAAATTAATAGTCTATTATTATCTATTAATAATTGTTTTTTTAATT
TTTATTTTAACAACAGCTCGGTACCCATATTCTTTACAAAATAACCACCACACAACAACCAAAATATTCAACCAGTATCTATAAATT
ATTTTTAAATTCTAGTTAAACACAACAAAATGAGTCACAACATGGCTCCAATCAACTCTAACGGAATTATGCAAAACTACTCGACA
CACCCATCATCACCAACATCGACTCCCTCTTCGTTGACCCCAACATCAATGGAGGATCCACTCATAAAGAAGGACGACGAGAGCG
AACCAACCTCGCCAAGCAACGACACCCCAAAGAAGGCCGGAAGAAGAAAGATAAAGATTGAGTTCATCGACGACAAGAGCAGA
AGACATATAACTTTCTCAAAGAGAAAGGCCGGTATCATGAAGAAAGCCTACGAGCTCAGCACACTCACTGGCACTCAAGTGCTAC
TCCTGGTCGCCTCTGAGACTGGACACGTATATACATTCGCAACATCGAAGTTGCAACCACTCATCACTCGTCCCGAAGGAAAGAA
TCTTATACAATCGTGTCTGAACACTCCAGATGCACCAACATCACCACCCTTAATCTCATCCGCAAACAATAGCAACGCCAATAACA
CTACCACACCTGTATCTCTACAAGTAGCAACCACCCCACCAAGGATGGGACAGTCGTCGATATCTCAACAACAACAACACCAACA
ACAATTGCAACAACAAGTCCAACAACAAGTTCAACAACAACAAGCCAACCAACTCCAACAACAATATTCTGACTCGCTCTTGATGG
CAGCCTACAACGATTCGCTATACGGCTCCAACAACGATCAAGAGAAAGAGGACAGAAGATCACTTGGAGGAATGTCGAAGGATC
AGAAAGGAAACTATATAAACTCCCAGAATATGGATATGATCAATGGTTATAACAGCGGGTATCAGAATGGCCACATCATCAACAC
TTTGGGTGGATACTATCCTACGACAATGAACAACTCAAGAGGATACCCGCTAAATGGCAGCGCCTTTTCATTTCCTGCTTCACCAA
CACAATACACCTATCCACATTCAATGATTGGACAATATCCATCACAGTAATATAATAATATATATCTATTATATACGCACCCACACA
CCCACCATATTATTTTAAACTTGTTATTTCAACTAGAACCTTCCAACAACTACTTTATTATTTATACTACCTATCGCATATATCATTAA
TATAATAACAACAAGATAACAACAAAACATCCAAAAAAAAAATATAAATAATATTTTTGTTTTAAATATATATAGTATAAAAAAAA
AAAAAAAAAAAAAGAATAATTACAACAACAACTGTTATTTATATTATAAACAGACAATATACACCACATCCCAATCCCTAAACTGT
TATTTTATTACACAAATCCAAACCTACCAACCTATATACCAATAACTAAAATCAAGACCTGAAACTATATATTAAAAACGATTTAGT
TACTCCCTCCTTCCTTCCTCCCTGTTTGTATAATTCTTACCTTTTTTTTTTATTGTCAACAATAGAATGAATAAAATTTTATTATGTTTG
ACATTAAAATAAAAAAAATAAAATAAAATTACCTATTTTAAAAAAAAATAAAATAAAAACAAATTGATTCGATTTCCACCCATCAA
TTCCATGCTTATTTGATTGATCTTAAAAACTTCATTTCGTCCAAAAAACCTGACAGACAAGTTGGGAATAATTGAAATTTTTCAAGG
TAAATTTTTATTTTCTTGGAAAGTGGTAAGTGATATGGTTATAAGAGTTATGATCAGGTCTCAAATCAACACCTCATTTTTATTTCT
CTCTAATTTTAAAACCCTTACAAACCTATTTAAATATACATGCAATCATTACCAGAATTTAAAGTTGATATTGTCACACTTGAACAA
ATTGATGCTATCGCATTCTTTACCAACGGAGCTTACTTTAGCGAGACCGCTGCTGCCTCTTTTGGACGACTAGGCAAGTTCACCAA
GGAAAACGTATTCAAATATAACAAATGGGTCGGTGTTTACTATGATGATCCCGCCAAGAAACCA 
 

 

 
 
 



VI 
 

APPENDIX B 
 
PRIMERS 
 
All primers were at concentration of 100 pmol/µl and were purchased from Thermo Scientific 

(USA) or Eurofins MWG Operon (Germany). 

 
KpnI restriction site: GGTAC^C  
BamHI restriction site: G^GATCC 

Amplification of 5’-fragment 

 

PKACI5’ (no 884) 

PKACI3’ (no 1018) 

5’ GGGGTACCGGCATCACAAGGCAAACAGAGAGGAGAT3’ 

5’ GGGGATCCCTGGTGCCGTCGGCACTGGTGCTC 3’ 

YakAI5’ (no 929) 

YakAI3’ (no 928) 

5’ GGGGTACCCCTGTTCTGGTGGGTGGCGACTGTTTGATG 3’ 

5’ CGGGATCCGGGCAGAATCACTCGTTCAACGGCAGCAAC 3’ 

RegAI5’ (no 842) 

RegAI3’ (no 843) 

5’ GGGGTACCCGCGATAAGCAGTGTCAGTGTCACCTTG 3’ 

5’ CGGGATCCGGTTTGTTGCATCAGTTCTTCGATGG 3’ 

CudAI5’ (no 885) 

CudAI3’ (no 850) 

5’ GGGGTACCTCACTCCTCTCTGCCTATCATCTCATCTCTCTC3’ 

5’ CGGGATCCGTGCTCCGGTGCCAGGCTGGTAGTC 3’ 

SrfAI5’ (no 856) 

SrfAI3’ (no 857) 

5’ GGGGTACCACTACCACCACACTAACAGCAACTACCC 3’ 

5’ CGGGATCCTCCATTGATGTTGGGGTCAACGAA 3’ 

 

 

HindIII restriction site: A^AGCTT 

Amplification of 3’-fragment 

 

PKACII5’ (no 865) 

PKACII3’ (no 866) 

5’ CCCAAGCTTGGCAGAGATTATATTGGCGTTGG 3’ 

5’ CCCAAGCTTGGGGTTGGTTGTTGCGCTGATGGTGAAG 3’ 

YakAII5’ (no 927) 

YakAII3’ (no 934) 

5’ CCCAAGCTTGGGGTTTGCGCTGTTCTTGCCCTTCTCTATCA 3’ 

5’CCCAAGCTTGGGAGTAGTAGCACCGGTGGTGGTGGACAT 3’ 

RegAII5’ ( no 844) 

RegAII3’ (no 845) 

5’CCCAAGCTTGCAATACCATTGCCACAATCGATTCTTCTAG 3’ 

5’ CCCAAGCTTGGGTGAATCGGTGGGTGAGTTGGGCG 3’ 

CudAII5’ (no 886) 

CudAII3’ (no 887) 

5’CCCAAGCTTTCCAAGCCCGACCAAGTAAAGAAGA 3’ 

5’ CCCAAGCTTGCAGACACCGACCAATCCTTTCTCACCTG 3’ 

SrfAII5’ (no 858) 

SrfAII3’ (no 859) 

5’ CCCAAGCTTGGCACCCACCCCACCAAGGAT 3’ 

5’CCCAAGCTTGGCTGGTTTCTTGGCGGGATCATAG 3’ 
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Primary control in PCR knock-out screening 

 

RegAnegc5’ (no 847) 

RegAnegc3’ (no 848) 

5’ TCGTCGGTGACAGGCGCCCGAAGAAAC 3’ 

5’ GCCATAATAAATCTCTGTAGTTTTTCGATGGGAATCT 3’ 

CudAnegc5’ (no 854) 

CudAnegc3’ (no 855) 

5’ CAACATCATCACCCATTCCCAATAATATTTCC 3’ 

5’ GGTCGGGCTTGGAGACAACTCTGATGGG 3’ 

Insertion control 1, flanking the 3’-fragment  

RegA (no 999) 5’ CCGGGCCCCGAGGAACTAGAGGAGTTGACAG 3’ 

CudA (no 948) 5’ CCGGCCACACGGACACAGAAGTTCTTGGAGCAA 3’ 

pLox-NeoI (no 947) 5’GGGCCCCACCGTGGTTAATTAATTAACCCGGGAA 3’ 

Insertion control 2, flanking the 5’-fragment   

RegA (no 998) 5’ CCGGGCCCCCGATCAGAAGAATTCCGGTG3’ 

CudA (no 950) 5’ CCGGGCCCCACCATTCTCGTTACTCTGTTT 3’ 

pLox-NeoI (no 949) 5’ GGGCGATCGGTGGCGGGGATCATCATAACTT 3’ 



VIII 
 

APPENDIX C 
 
BUFFERS AND PLATES 
 

2x CTAB 

2 % Cetyltrimethylammonium bromide 

0.1 M Tris-HCl (pH 8.0) 

20 mM EDTA 

1.4 M NaCl 

1% PVP 

 

H-50 

4.76 g HEPES 

3.73 g KCl 

0.58 g NaCl 

0.12 g MgSO4 

0.42 g NaHCO3  

0.156 g NaH2PO4 

1 l ddH2O  

pH adjusted to 7.0.  

Autoclaved.  

Stored cold or frozen.  

 

HL-5 

5 g proteose peptone 2 

5 g thiotone E peptone 

10 g glucose 

5 g yeast extract 

0.35 g Na2HPO4·7H2O0.35 g KH2PO4 

0.05 g dihydrostreptomycin-sulfate 

1 l ddH2O 

pH adjusted to pH 6.4 - 6.7.  

Autoclaved 

 

KK2 buffer (10x stock solution) 

22 g KH2PO4 (monobasic) 

7.0 g K2HPO4 (dibasic) 

1 l ddH2O 

Autoclaved 

 

 



IX 

 

LB-amp medium 

10 g bacto-tryptone 

5 g yeast extract 

10 g NaCl 

1 l ddH2O 

50 µg/ml Ampicillin 

Autoclaved 

 

LB-amp plates 

10 g bacto-tryptone 

5 g yeast extract  

10 g NaCl  

15 g agar  

1 l ddH2O  

50 µg/ml Ampicillin 

Autoclaved 

 

LP-agar plate 

0.5 g lactose 

0.5 g bacto peptone 

15 g agar 

1 l ddH2O 

Autoclaved 

 

LyB-Buffer 

0.5 M KCl 

0.1 M Tris (pH 8.3) 

0.25 M MgCl2 

4.5% NP40 

0.45% Tween 20 

Proteinase K (2 mg/ml) 

ddH2O 

 

Lysis Buffer 

10 mM MgOAc 

10 mM NaCl 

30 mM HEPS (pH 7.5) 

Autoclaved 

NP40 was added to a final concentration of 2%. 

 

 



X 

 

 

Sacrosyl Solution 

0.2 M EDTA (pH 8.4) 

Autoclaved 

N-lauroylsarcosin and sodium salt was added to a final concentration of 2%. 

 

SOC medium 

20 g bacto tryptone 

5 g bacto-yeast extract 

8.56 mM NaCl 

2.5 mM KCl 

10 mM MgCl2 

20 mM glucose 

1 l ddH2O 

pH is adjusted to 7.0 

Autoclaved. 

 

Alkaline Lysis Solution I 

50 mM glucose 

25 mM Tris-Cl (pH 8.0) 

10 mM EDTA (pH 8.0) 

Store cold.  

 

Alkaline Lysis Solution II 

0.2 N NaOH 

1 % (w/v) SDS 

 

Alkaline Lysis Solution III 

60 ml  5M CH3CO2K 

11.5 ml  glacial acetic acid  

28.5 ml  ddH2O 

 

TE Buffer 

10 mM Tris 

1 mM EDTA (pH 8.0) 

 

TAE buffer 

40 mM Tris-acetate 

1 mM EDTA (pH 8.0) 

 

 



XI 
 

TfbI 

30 mM KOAc 

100 mM RbCl2 

10 mM RbCl2 

50 mM MnCl2 

15% Glycerol (v/v) 

pH adjusted to 5.8 

Sterile filtered 

 

TfbII 

10 mM MOPS (or PIPES) 

75 mM CaCl2 

10 mM RbCl 

15% Glycerol (v/v) 

pH adjusted to 6.5 

Sterile filtered 


